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ABSTRACT
INTERFACIAL INTERACTIONS AND DYNAMIC ADHESION OF SYNTHETIC
AND LIVING COLLOIDS IN FLOW
MAY 2019
MOLLY K. SHAVE
B.S., COLORADO SCHOOL OF MINES
M.S., UNIVERSITY OF MASSACHUSETTS - AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS - AMHERST
Directed by: Professor Maria M. Santore

This thesis focuses on the interactions between flowing particles and a surface, where
hydrodynamics couples with chemical interactions in order to modify the way they come
into play.

First this thesis shows how electrostatic chemical heterogeneities on a flowing particle
affect the interactions with a wall, using a highly tunable electrostatically heterogenous
system produced by adsorbing small amounts of cationic polyelectrolytes onto silica
particles in suspension and studying their behavior in flow over the fixed surface. By
comparing this behavior to a system with equivalent chemical heterogeneity on a channel
wall it was shown that the rotation of a particle will produce a lower attempt frequency,
resulting in chemical heterogeneity being less effective on a flowing particle then on a
fixed surface.

This establishes the importance of hydrodynamics in the chemical

interactions of flowing colloids.

v

Next this work shows how swimming of Escherichia coli increases both the frequency of
bacteria encountering a surface and the durations of the resulting engagements, in an
unconfined flowing environment, due to hydrodynamic interactions between bacteria and
surfaces. This swimming effect was decoupled from the effect of flagella interactions. It
was found that the presence of flagella, when not active, producing steric kicks, increasing
the escape frequency and as a result reducing surface engagements length. Expansion of
this work showed that the effects caused by morphological differences between bacteria
strains can be significantly reduced by altering the mechanical properties of a surface
coating.

Finally, this thesis shows that rod shaped particles are able to diffuse through a
concentration boundary layer and adhere to surfaces at a rate faster than possible with
spherical particles, due to hydrodynamic interactions between the non-spherical particles
and the surrounding fluid. Current literature contains a wide variety of experiential results
and mathematical predictions for the behavior of rods in flow but the lack of consistent
systems with well-studied spherical controls has led to many discrepancies in their results.
This thesis addresses these apparent discrepancies using model rod-shaped silica particle
suspensions and spherical controls. Overall, this thesis probes the effects of three
hydrodynamic effects on interactions between particles and surfaces in the presence of
flow.
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CHAPTER 1
INTRODUCTION
The interactions between colloids or bacteria and surfaces are critical in many industrial1–
4

and natural5 systems. While many models6 for such interactions focus on simple spheres,

this thesis focuses on certain particle properties that, when coupled with hydrodynamic
particle behaviors, dominate the ultimate behavior of systems and produce results that are
quantitively different then seen for uniform spheres. Initially, the question of the effect of
charge heterogeneity on a particle, motivated by studies of charge heterogeneity on
surface,7,8 led to the discovery that as a result of particle rotation (a hydrodynamic effect)
the effect of surface chemistry plays out differently.9 This led to probing of different
potential ways that complex hydrodynamics of particles or cells could be used to influence
interactions with surfaces. This thesis will focus on how the particle surface heterogeneity,
motility of bacteria, and particle shape all use hydrodynamic interactions to effect particle
or cell-wall interactions. All three of these present a different and unique set of
considerations to consider when looking at the interactions.

1.1 Surface Heterogeneity
Most surfaces are not uniform and have some degree of heterogeneity. Surface
heterogeneity can be in the form of chemical heterogeneity or topographical heterogeneity.
The presence of heterogeneity causes behavior that is often different from the mean field
behavior,10–12 yet these differences are extremely system dependent. For example, chemical
surface heterogeneity on polymeric materials has been shown to dominate the wetting and
contact angle behavior,13–15

while impurities in minerals16–19 and chemical
1

heterogeneity11,20–24 in colloidal dispersions often cause aggregation.25–30 Topographical
heterogeneity or roughness has long been known to increase friction between surfaces.31,32
The length scales of heterogeneity in systems is highly variable ranging from a few
nanometers to about a micron. Depending on the length scale of the roughness, it can either
increase or decrease colloid attachment on surfaces.31
1.1.1 Surface Heterogeneity in Biological Systems
In addition to surface heterogeneity found in material systems, nearly all biological
surfaces, especially cells, are heterogeneous. Within the cell membrane there is an
extremely heterogenous distribution of phospholipids and proteins that make up the
exterior of the cell.33–35 Some of these proteins contain functional groups are receptors that
will only bind with certain ligands. This leads to a heterogenous distribution of potential
binding sites. The charge of surface proteins can make different sections of a bacterium
have different surface charges. For example, both the gram-negative Escherichia coli (E.
coli) and the gram-positive Bacillus subtilis have a different surface charge on their poles
then the on the sides of the cells.36–38

In addition to surface heterogeneity resulting from the structure of phospholipids,
extracellular organelles can contribute additional heterogeneity. For example, many
bacteria have pili which extend up to 100 nm from the surface of the cell and have different
chemical functionality than the body of the cell.39,40
1.1.2 Electrostatic Heterogeneity
Surfaces with electrostatic heterogeneity deviate from theoretical models which rely on
average surface properties.6,41,42 The interactions between colloidal particles are classically
2

modeled with the Derjaguin, Landau, Verwey, and Overbeek (DLVO) Theory (Equation
1.1) which treats the force between particles or particles and surfaces as the sum of the van
der Waals attractive forces and the electrostatic double layer forces.
𝐹$%&' = 𝐹)*+ + 𝐹*-

(1.1) 41

Where FvdW is the van der Waals forces between particle and surface and Fdl is the
electrostatic double layer force. The van der Waals forces are insensitive to the ionic
strength of the solution in the region of ionic strengths studied in this dissertation and can
be approximated using the by Equation 1.2,
𝐹)*+ =

−𝐴𝑟
6𝐷

(1.2) 41

where A is the Hamaker constant, r is the particle radius, and D is the distance between
two particles or a particle and a surface. The double layer force between two spheres is
(Equation 1.3),
𝐹*- =
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𝑒
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(1.3) 41

where ρ͚ is the number density of ions in the bulk solution, κ-1 is the Debye length (equation
1.4), γ is the reduced surface potential (shown in Equation 1.5 for a symmetric electrolyte),
and D is the distance between the particles. The double layer force is the electrostatic
component of the interactions and depends on the Debye length κ-1. Physically, the Debye
length is the length where the electrostatic potential decreases by 1/e. The inverse Debye
length and the reduced surface potential are,
𝜌:C 𝑒 < 𝑧C <
𝜅 = AB
𝜀𝜀F 𝑘7 𝑇

(1.4) 41

𝑧C 𝑒𝜓F
𝛾 = tanh J
M
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(1.5) 41
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where z is the valency of the ion, ɛ the dielectric constant, 𝜀F is the permittivity of free
space, and 𝜓F is the reduced surface potential. Combining these for silica at different salt
concentrations gives an interaction force with a secondary minimum due to the van der
Waals attractions and an energy barrier due to the electrostatic repulsions between surfaces
and particles with like charge. As the salt concentration is increased, this energy barrier is
lowered, allowing for particles to adhere due to van der Waals attraction. At ionic strength
both the Debye length and the energy barrier are larger, which will give a stable solution
of individual colloids. While the equations above are for two particles in a symmetric
electrolyte the same principles apply for the systems studied, mainly a particle-wall
interaction in an asymmetric electrolyte.

In the presence of electrostatic heterogeneity, the use of average properties in the DLVO
theory fails to accurately predict the stability of suspensions or the interactions between
particles or between particles and surfaces. To account for deviation from predicted
behaviors models have added an attractive non-DLVO force between the regions of
heterogeneity and the underlying exposed areas on the colloid.43,44 A qualitative charged
patch attraction model for these faster aggregations was first proposed by Gregory.20,22
Miklavic, et al. proposed a quantitative model for the long range attractions but this model
has been shown to be limited due to insensitivity to short range interactions. 44–46 Popa, et
al. modeled this as an additional attractive non-DLVO attractive force and showed that this
treatment agreed with the charge patch attraction models.47

While the models of the previous paragraph were developed for electrostatic heterogeneity,
significant research has been done on the interactions between a heterogeneous flat surface
4

and uniform spherical particles. It was shown that heterogeneity dominates the interactions,
with adhesion occurring with as little as 10% of the surface being electrostatically
attractive.8 Surfaces, having nanometric clusters of cationic charge are highly controllable
and have been shown to be able to mimic the behavior of biological mechanisms such as
the rolling of leukocytes using a purely synthetic surface.48,49 These types of surfaces can
also be used to selectively capture cells lines or bacteria without the use of biological
ligands or receptors.50–52

The studies discussed previously all focus on systems in which the functionality occurs on
the fixed flat surface that is exposed to a colloid or colloidal dispersion. While many flat
surfaces are heterogenous there is a need to determine the effect of location of
heterogeneity as in nature the heterogeneity often occurs on the surface of the particle.

1.2 Swimming Behavior
The motility of colloids is an additional property that effect hydrodynamic properties of
colloids or cells and effect their interactions with surfaces. Fundamentally the motion of a
colloid is caused by a force on one side of the particle or bacteria. The work in this thesis
focuses on swimming behavior of bacteria, specifically E. coli however it is instructive to
consider the fundamental mechanics that driving swimming as a whole.
1.2.1 Mechanisms of Swimming at the Microscale
An understanding of swimming behavior of bacteria in quiescent conditions forms a basis
for understanding swimming in shear. There are multiple mechanisms for swimming at the
microscale. The first mechanism which will not be covered in detail, is important in the
field of synthetic swimmers. This mechanism is commonly used in the design of synthetic
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active colloids, with either a reactive component as part of a janus particle53–55 or a catalytic
site on a particle with the reactants in the solution.56–58 In this mechanism a reaction is
localized at one (or more) points on a colloid.59 The reaction creates a concentration
gradient in the solution in which the particle diffuses. Additionally, some of these selfpropelled colloids have been designed to be light activated allowing for the easy turn on
and off swimming behavior.60,61 Similar non-appendage based swimming is also seen in
bacteria in the Listeria genus, in which cells are propelled forward by the polymerization
of an actin tail, while the tail can be considered an appendage it is the reaction not the
motion of the tail that propels the bacteria forward.62

The majority of bacterial swimming at the microscale is done using extracellular
appendages. Swimming using appendages at the microscale is very different then
swimming in the macroscale world that we live in. The biggest different is that at a
microscale swimming requires a series of motions that are nonreciprocal. Without the
inertial effects (the ability to coast) present at the macroscale, the majority of mechanisms
will have a net zero displacement. While the detailed mechanisms vary depending on the
type of cell, there are two main classes of bacterial swimming. The first is a rigid helix
power by a fixed motored that rotates, hereby propelling the cell forward. This is known
as “the corkscrew”, and the second is a flexible tail that propels the bacteria using whiplike motions, known as the “flexible oar”.63,64

These appendage motions either push the cell forward away from the appendage, as in the
case of E. coli or Salmonella typhimurium65 or pull the cell back towards the appendage as
in some strains of Vibrio alginolyticus.66 Additionally there are some bacteria that,
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depending on the direction of their flagella rotation, can switch directions. For
example Caulobacter crescentus will travel forward when its single flagella rotates
clockwise (when viewed looking along the flagella towards the body of the cell), but when
travels backwards during counter-clockwise rotation.67

While exterior appendages are the mechanism for the majority of swimming bacteria there
are bacteria that exploit other mechanisms. For example, Spiroplasmas are a small helically
shaped bacteria that is approximately 150 nm wide by a few microns is able to swim by
propagating a pair kinks down its body. This generates thrust along the length of the
bacteria propelling it through the fluid.68
1.2.2 Swimming Behavior of E. coli
The work in this thesis focuses on the flagella driven swimming behavior of E. coli. The
flagella itself consists of a motor that is attached to the body of the bacterium and a helical
filament, and a hook connects the filament to its motor.69 The flagella filaments are lefthanded helices approximately 10 µm long with a filament diameter of about 20nm and a
helix diameter of about 0.5 µm.70 While the number of flagella can vary between strains a
review reports that there are generally approximately four flagella per bacterium.69

When wild type E. coli swim, they undergo what is called a “run and tumble” behavior.
This is illustrated in Figure 1. Initially during the “run” phase, the flagella are all bundled
behind the bacteria and rotating in a counter clock wise direction (Figure 1a). At some
instant one or more of the flagella motors reverse their rotation. This causes a transition
from the “run” phase to the “tumble” phases as the flagella become unbundled and the cell
becomes reoriented (Figure 1b).69,71 Once the motors all return to counter clock wise
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rotation, the flagella re-bundle as the cell moves forward (Figure 1c),63 now running in a
new direction (Figure 1d).

Figure 1. Bundling of bacteria flagella in E.coli “run and tumble” swimming. (a) during
initial “run” the flagella are bundled tightly together. (b) a “tumble” the flagella motion
reverses and flagella unbundle this randomly reorients the cell (c) hydrodynamic
interactions bring flagella back together (d) flagella bundle together in different direction
for next “run” phase. Figure from Lauga and Powers (2009) 63
This “run and tumble” behavior benefits the bacteria because it allows the bacteria to
undergo chemotaxis, or the ability of an organism to navigate based on chemical signals in
its environment. A bacterium has no mechanisms to control its orientation, relying
completely on the random orientation of each tumble. Bacteria can however control the
frequency of tumbling events, going further before a tumble when traveling towards a
nutrient source and tumbling more frequently when traveling away from the nutrient
source.72,73 In the laboratory setting E. coli have been genetically modified to remove the
genes responsible for chemotaxis. This gives a strain that does not tumble and there for
exhibits what is known as smooth swimming.74 Smooth swimming cells travel in locally
straight or gradually curved trajectories (comped with the size of the cells). These types
of smooth swimming strains have been widely used in studies on how E. coli interacts with
surfaces.
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1.2.3 Bacteria Interactions
The work presented in this thesis occurs with bacteria suspensions in the dilute limit where
interactions between bacteria do not contribute significantly to the interactions. However,
it is helpful when considering the interactions between bacteria and surfaces to first
consider the hydrodynamic forces generated by the bacteria and the potential for
interactions with one another. As “pusher” bacteria, E. coli repel fluid away from the ends
of the bacteria as they swim through the fluid. This creates a force inwards from the sides
of the bacterium. When pullers are near one another in a fluid their quadrupoles cause a
reorientation into a side by side cellular configuration.63

In addition to interactions between multiple bacterial cells, it is important to consider the
interactions between swimming bacteria and surfaces. The presence of a surface affects the
motion of the bacteria in multiple ways. For E. coli, one of the most studied wall effects is
the difference in swimming behavior near walls. In the bulk solution, smooth swimming
E. coli swims in a straight line due to the axisymmetric nature of the propulsion force when
averaged over a full rotation of the flagella. Near a wall however the chiral nature of the
propulsion leads to turning because the wall breaks this symmetry.75 The rotation of the
helical flagella near a wall creates a net force on the flagella perpendicular to the flagella
bundle and parallel to the surface causing the bacteria to rotate. The left-handedness of the
E. coli flagella helix causes the bacterium to turn to the right.63,75 Another wall effect is
similar to the hydrodynamic attraction effect between two bacteria. The flow field around
a swimming bacterium will lead to a reorientation of the bacterium to orientate the body
parallel to the surface. The quadrupoles then cause the bacteria to stay near the surface.76
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This effect is seen in numerous systems.76–79 These hydrodynamic attractions have been
shown between particles and surfaces to elevate the concentration at the wall.76,80
1.2.4 Bacteria in Flow
The addition of flow further complicates the bacterial-surface interactions. The shear flow
creates a torque on the bacteria that will cause periodic rotations. In the absence of motility
and away from chamber walls these flow-induced rotations are known as Jeffery orbits.81
In swimming bacteria these rotations can affect the bacteria’s ability to chemotax.82

In microfluidic devices a depletion region has been seen for motile bacteria where there is
a concentration gradient within the chamber and more bacteria present near the walls then
the center of the chamber.83 This shear trapping effect is a result of interactions of
swimming hydrodynamics and a velocity gradient. It does not involve cell-wall
interactions. Separately, the upstream swimming of bacteria or rheotaxis has been seen for
many types of bacteria including E. coli.82,84 It has been seen that, in high shear flows E.
coli migrate into the corner or left sidewall of a channel or reside in a crevice facilitating
upstream migration.85 Prior studies however have been done in the confined regions of
microfluidic channels where the geometry of the channel, (i.e. interactions with multiple
walls) can play a significant role in the interactions.

1.3 Particle Shape
Particle shape is another important factor in studying the interactions between particles and
surfaces in flow. Many particles in real world applications, including many bacteria, are
not spherical but the majority of studies of particle behavior in flow have been carried out
using spherical particles.
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The current literature on the effect of particle shape in flow can mainly be classified into
two categories. The first is the observation either by experiment or simulation of the flow
and capture behavior of non-spherical particles. These observations lead to the second
category of papers; the development of models to attempt to explain these oftenunanticipated findings. The lack of studies that systematically vary particle features, or
work with well characterized, uniform samples has made it difficult to corroborate and
expand the mathematical models to the point where they can be used to predict in vivo
behavior. In the current literature three types of particles are studied. Spheres which have
an aspect ratio (L/D) of 1, rods which are elongated and have aspect ratios greater than 1,
and finally disks with have an aspect ratio less than 1.
1.3.1 Particle Behavior in Flow
The behavior of any type of colloid or bacteria in flow near a surface can be broken up into
two steps. First the transport of the particle through the bulk fluid towards or away from
the surface. In the event that the transport brings the particle to the surface, the second step
is possible static or dynamic engagement or adhesion to the surface.
1.3.1.1 Transport to Surface
Due to the fact that a lot of the literature involving non-spherical particles is related to drug
delivery, it is common for the transport portion of the flow behavior to be referred to mainly
as margination. Margination is an effective lateral drift velocity induced in flowing
suspensions for particles or unlike cells in blood as a result of multibody interactions and
competing hydrodynamic and inertial forces.86 It should be noted that margination occurs
as a result of multibody interactions and does not occur in dilute systems. In these dilute
11

systems and with small particles, diffusion is the primary mechanism of transport to a
surface, in quiescence or shear flow.

Mathematical simulations by Lee et al. on the dynamics of a particles in linear laminar flow
near a wall, showed that disk and rod-shaped particles exhibit significantly more
margination than spherical particles, especially at higher flow velocities.86 The simulations
by Lee et.al however are only single particle simulations and don’t account for the
multibody interactions. Lee et. al found that particles that are closer to the wall and have
a larger density or size tend to drift laterally, while particles far away from a wall, with a
small size or small density relative to the fluid density do not exhibit as much lateral drift.86
Overall they found that high aspect ratio discs have the most efficient lateral drift, then
rods, then low aspect ratio discs and finally the spheres have the least efficient lateral
drift.86

Recently studies have been done on the margination of particles in the presence of red
blood cells. The resulting multibody interactions occurring between red blood cells and
drug particles, produce a cell-free layer next to the blood vessel wall.87 Vahidkah and
Bagchi considered the behavior of disks and rods with two different aspect ratios, and
spheres, in a three-dimensional simulation of a red blood cell suspension. They found that
discs marginate to the cell-free layer more than spheres and rods, and that lower aspect
ratios result in more effective margination.87

However, experiments by Apolito et. al studied the differences in margination of two sizes
of spheres, disks, and rods in the presence of red blood cells within a microfluidic device.
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In this study rods marginated less than all of the other particles with the largest spheres
marginating the most effectively.88

Overall, many studies have established that particle shape has an effect on the margination
of particles to the wall in a flowing system,86,89–95 but the most effective particle shape
seems to be highly system dependent which leads to the need for a highly controlled,
systematic study of particle shape effects.
1.3.1.2 Adhesion to Surfaces
The adhesion of particles to a surface can be described as a two-step process. First is the
initial contact with the surface and the second is adhesive binding, the strength of the
adhesion. The strength of adhesion is typically determined by pull-off experiments, which
measures the conditions required to remove particles adhered to the surface. If the strength
of the adhesion is strong it will lead to irreversible adhesion on the time scales of the
experiment. However, if the strength of the adhesion is weaker, it will be either reversible
adhesion, where the particle later disengages from the surface, or dynamic adhesion, where
the forces are never strong enough to fully arrest the particle. It is important to note that
the mechanism of development of adhesive bonds between a particle and a surface is
fundamentally independent of transport mechanisms, be they margination or diffusion in
dilute solution.
1.3.1.2.1 Initial Contact
In simulations the initial contact of the particle with a surface can be decoupled from the
transport of the particle to the surface and adhesive binding events; however, experiments
have not yet been able to decouple these events. Simulations by Vahidkah and Bagchi
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showed that rod-shaped particles are the most effective (compated to spheres and disks) at
obtaining an initial surface contact in shear flow. They hypothesize that this is due to the
lower energy barrier for a critical fluctuation that can drive contact with the surface. The
longer thinner rods require less fluctuations than a disk or sphere would. Consistent with
this theory rods with a higher aspect ratio had more initial surface contacts than rods with
a shorter aspect ratio.87
1.3.1.2.2 Strength of Adhesion
In addition to the initial contact it is important to consider the strength and stability of an
adhesive bond or contact. The strength of adhesion is the force required to dislodge a
particle from the surface this depends on balance between, the net attractive forces between
the surface and the wall and could be caused by electrostatics, Van der Waals attractions
or receptor-ligand binding among others and hydrodynamic forces from the shear stress
and torque attempting to dislodge the particle. The strength of these hydrodynamic forces
depends on the geometric features of the particle such as size, shape and aspect ratio along
with the orientation of the adhesion and flow conditions such as the wall shear rate.

In an experimental study, Kolhar et al. coated nanoparticles with antibodies, and coated the
walls of a microfluidic system mimicking the vasculature with receptors to the antibodies.
They used two type of antibodies: ones that exhibited specific binding to the receptors, and
ones that exhibit non-specific binding to the receptors.96 They found that spheres had
higher levels of non-specific binding while rods exhibited higher levels of specific
binding.96 The authors hypothesized this was because rods require a stronger interaction to
stably adhere to a surface, and specific binding interactions are stronger than non-specific
binding interactions. In a separate microfluidic experiment Doshi et al. coated the walls of
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a microfluidic chamber, with Bovine Serum Albumin (BSA) and the particles with antiBSA. A bifurcation was present in the chamber. They studied the adhesion of spheres,
elliptical disks, circular disks, and rods in a synthetic microvascular network. Disks were
used to study the importance of flatness on adhesion, and rods were used to test the
importance of elongation.97 Compared to the other disks and spheres, rod-shaped particles
had the highest capture efficiency.97

In a simulation, Vahidkah and Bagchi found, in studies with a constant shear rate (~1000s1

), and particle volume (7.238 µm3), that though rods have the highest probability of

contact with the wall, disks adhere more firmly.87 Though both Kolhar et al. and Doshi et
al. suggest that rods adhere more to surfaces in flow than disks or spherical particles, the
results of Vahidkah and Bagchi suggest this may be because rods are establishing an initial
contact with the wall at a higher rate than spheres or disks, and subsequently adhering.
Their results do not speak to the strength of adhesion of the particle. Overall experiments
and simulations have not shown a conclusion on the behavior of non-spherical particles in
flow in many of the metrics studied. These often-conflicting studies have motivated the
development of models for the behaviors seen in simulations and experiments.

1.3.2 Mathematical Models of Non-Spherical Particles
The main difficulty in determining effects of particle shape has is the lack of consistency
in the experimental systems being studied. Everything from the general flow parameters
to the actual synthesis of particles is varied. With each paper using a different set of
experimental parameters. These differences have made direct comparisons and the ability
to draw conclusions about the effects of particle shape impossible. This has led to the use
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of mathematical treatments to model behaviors, typically describing systems using
dimensionless groups, and identifying regimes of different behaviors. The Reynolds
number of the particle (Rep), which is the ratio of the inertial to viscous forces of on the
particle and the Stokes number (St) which corresponds to the behavior of a particle within
a fluid. These are shown in Equations 1.6 and 1.7 respectively.
ReP =

ρR rT U
µ

(1.6)98

ρP rT< 𝛾̇
(1.7)98
µ
Where ρf is the fluid density, ρp is the particle density, rs is the radius of a sphere with
St =

equivalent volume as the particle of interest, U is the fluid velocity, 𝛾̇ is the shear rate, and
μ is the dynamic viscosity of water.
1.3.2.1 Behavior of Rods in Bulk Flow
When a sphere moves within a flowing fluid, tracking the particle position is relatively
simple due to the symmetry of the particle. It will rotate due to the shear field but that
rotational motion will not be observable due to the particle symmetry. Rods on the other
hand can have a wide variety of different observable behaviors such as, tumbling, logrolling, kayaking, wagging, or a steady motion through a fluid in shear flow.99 Based on
the characteristics of the fluid flow, some of these behaviors will be more favorable. For
example, based on models by Rosen et. al for a particle with an aspect ratio of 4 and Rep <
14, tumbling will be highly favored. For 15< Rep < 90, tumbling continues to be a major
mechanism, but log rolling and kayaking are also seen in various sub regions. For 90 < Rep
< 150, steady-state particle motion is seen that is the particle translate through the fluid
with no rotational motion.99 These regions are also seen in the simulations of Kim et.al. 98
It is believed that this tumbling motion is due to the particle inertia dominating the fluid
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inertia. As the flow rates are increased the fluid motion begins to dominate as both the Rep
and St increase leading to a smooth motion behavior with particles all traveling along the
streamlines in the direction of the fluid.99
1.3.2.2 Particle Transport to Surfaces
While it is important to consider the behavior of particles in the bulk in many applications
the critical factor is the ability of the particles to get to the surface.
1.3.2.2.1 Diffusion Limited Transport
For sufficiently small spherical particles still governed by diffusion in bulk solution, it has
been shown that the experimentally observed transport limited adhesion of particles, that
is for a rapid attachment step to the surface relative to other timescales in the system, can
is well-described by Leveque Equation (Equation 1.8).100–102
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In the transport-controlled limit, the particle accumulation rate, dcs/dt, depends on the bulk
solution particle concentration, C; the dilute-limit free solution diffusion coefficient, D; the
wall shear rate, g; and x, the distance from the entrance of the flow chamber to the point of
observation. On the right side of Equation 6.3 and only here, G is the gamma function. This
is equation assumes that any particles that are able to interact with the surface adhere
immediately creating a concentration boundary layer near the surface due to a particle
depletion region at the surface. While this model has been confirmed to be extremely
accurate for spherical particles a few microns or smaller in water, it assumes a single
concentration /orientation independent diffusivity.
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1.3.2.2.2 Transport of Rod-Shaped Particles
Similarly, to the differences in behavior of spherical and rod-shaped particles in the center
of a channel where shear forces are low, it is important to consider the effect that shape can
have on the transport through the fluid towards the high shear region. The diffusion of a
rod in shear flow will depend on the balance of hydrodynamic and inertial forces that can
induce a lateral drift velocity.86 In the case of spherical particle, without presence of
external forces such as diffusion, particles will tend to follow the streamlines,91 nonspherical particles in the same conditions are not restricted to following streamlines. This
lateral drift velocity, (the direction of which is random) of a particle increases with an
increase in particle size, density, and rotational inertia.86 While the direction is random,
increased lateral drift velocity increases the probability of surface interactions.86
Additionally, a rod-shaped particle can experience a wall-induced drift, in laminar flow
with modest particle Reynolds number, which has two components: first, is that the wall
breaks the particle wake symmetry, resulting in lift away from wall and second, flow
relative to particle accelerates faster in the gap between the particle and the wall. This
increases the pressure drop between the particle and the wall, resulting in a drift of the
particle towards the wall.103

A model by Kim et. al found that the drag force on a rod-shaped particle near a wall
increases as the particle moves away from the wall due to the faster fluid motion. This
model used a cylinder with an aspect ratio of 5 in linear shear flow.98 Kim et al considered
the effects of increased Stokes number on particle migration to a wall and found that at St
<< 0.1, there is little to no net migration of the particle towards the wall but as St increases
up to 20, particle migration to a wall and lateral drift velocity increase. However, above St
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~ 20, particle drift velocity decreases again. They hypothesize this is because at St ~ O(10)
the force imbalances on the rod are largest, allowing for more particle rotation and
movement, moving the particle towards the wall.98 The St numbers for systems used in
this thesis are all <<1.

The results of Kim et. al align with those presented by Lee et al., who concluded that at
low St numbers, spherical or non-spherical particles will exhibit little to no net migration
in shear flow towards a wall.86 These results seem to disagree with other experimental and
simulation observations of rod behavior in shear flow86,103 where it would seem that even
a low St numbers rods migrate to a wall more effectively than spheres.
1.3.2.3 Hydrodynamic Forces
In addition to inertia (of both the fluid and the particle) the main hydrodynamic forces on
a particle near a wall in shear flow are lift, drag and torque. The magnitude and effect of
these forces will depend on the distance from the wall, the orientation and aspect ratio of
the particle and the Rep. In a simulation of a single 2D elliptical particle and varying the
distance of the particle from the wall, orientation, aspect ratio, and Re number Zarghjami
et. al found that the drag force on a particle is constant far away from the wall, increases as
the particle reaches a critical point of a distance away from the wall proportional to its
largest length scale, and then decreases again closer to the wall.103 Similarly, the lift force
fall from the wall is 0, it peaks at a critical point and then decreases as the particle get close
to the wall. The torque on the rod is lower near the wall causing less rotation. 103 Overall
these results of Zarhjami et. al suggest a critical layer in which these forces will all push
the 2D ellipsoid towards the surface. Additionally, the authors found that increasing the Re
number, will increases all three of these forces on the rod.103 Interestingly, increasing
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aspect ratio had a similar effect, except for in the drag force which decreased between
aspect ratios of 1 to 2, increasing again above 2.103

Zarhjami et. al also studied the effect of particle orientation using their 2D simulation. As
the particle orientation angle increases from 0° (shear direction) to 90° (perpendicular to
flow), the drag force on the particle also increases.103 When the particle is aligned with
flow at an angle of 0°, the particle has no lift force. Between 0° and 90° the particle
experiences a lift force towards the wall, with the opposite effect occurring between 90 and
180°.103 As the orientation of a rod has a significant effect on whether the rod will move
towards or away from the wall it quickly becomes clear that the typical tumbling motion is
going to cause rapid changes in hydrodynamic forces making the ability to predict rod
motion difficult. 3D simulations of this behavior have not been studied.
1.3.3 Significance and Motivation
Gentile et al. conducted studies on particle margination using 1 µm spheres, 1.5 µm x 0.3
µm discoidal particles, and 1.6 and 3.2 µm quasi hemispherical silicon particles, studying
effect of shear rates between 5 – 50s-1.The flow chamber used in these studies is orientated
so that gravity will be perpendicular (pushing particles into surface) to the flow cell surface
being studied.92 Particle surface accumulation was measured by counting surface capture
rate on a test wall that was rendered adhesive by coating with type I collagen from rat tail,
a method similar to methods used in the present study. The main difference is that their
flow cell is horizontal, and not vertical, meaning gravity increases both particle transport
and adhesion to the surface. The particles used in this study were silica with a density of
2.0 g/m3, dense enough that they cannot be modeled as neutrally buoyant. Additionally,
rod shape particles were not considered in this study. The authors found that number
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captured particles decreases with an increase in shear rate for all particles, with the largest
decrease observed for the quasi-hemispherical particles, then spherical ones, and finally
discoidal particles.92 Also, the Leveque equation described above describes an increase in
particle transport with an increase in shear rate an opposite trend then is found in this study.
Prior experiments from the Santore group have been consistent with Leveque’s
predictions.8,51,104–106

The studies in this chapter address this apparent discrepancy,

examining the capture of rod-shaped particles on an adhesively functionalized channel
wall, similar to cases described by recent models. The study in this thesis orients the
collecting surface to avoid the impact of gravity on particle transport and adhesion, so that
particle shape may be more closely studied.

Overall the main conclusion that is drawn from current literatures is that spherical particles
and rod shape particles behave very differently in flow, including their behavior in the bulk
flow to the difference in transport rate to the surface and the forces on near surface particles.
A lack of uniformity in studies has left a number of conflicting results. This has led us to
the design a model system to study the effect of particle aspect ratio on the transport of
particles to surface.

1.4 This Thesis
Chapter 2 addresses the effects of charge heterogeneity on the capture of flowing particles
in shear flow, now placing the electrostatic heterogeneity on flowing spherical particles
rather than on the wall of a flow chamber, as had been done previously. The work was
designed to closely parallel previous studies of heterogeneously functionalized flow
chamber walls, enabling quantitative comparison between systems in which the particles
or the wall carried the charge heterogeneity. These studies were facilitated by the creation
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and characterization of heterogeneously charged silica microparticles and the development
of methods to allow their study in flow experiments before the dispersions aggregated.

Chapter 3 addresses the impact of bacteria swimming on biomaterial interactions with
flowing cells. While many studies of swimming bacteria have focused on microfluidic
chamber design and the impact of a wall on hydrodynamic interactions, this thesis focuses
on how swimming dynamics and bacterial morphology influence biomaterial interactions,
understood in terms of colloidal or surface forces, involving a single planar surface in shear
flow.

These physicochemical interactions are necessarily shorter range than the

hydrodynamic interactions typically associated with swimming. The thesis addresses how
the presence of a predominantly non-adhesive biomaterial PEG coating, with weak
reversible interactions with E. coli cells influences bacterial dynamics.

The study

decouples swimming interactions from physical chemistry using an experimental design in
which aggressively swimming cells are compared with a parent strain and non-motile
variants which lack either flagella or motors that drive the flagella

Chapter 4 will expand on the chapter 3 and additionally explores the effects of surface
mechanics on the bacteria surface interactions. We show in this objective that the
mechanical properties of a surface can have dramatic effect on a bacteria’s ability to engage
with the surface with the softest hydrogel surfaces effectively eliminating the differences
between different bacteria types seem in Chapter 3.

Finally, Chapter 5 addresses the impact of particle shape on the interactions of flowing
microparticles with a strongly adhesive wall. The study, conducted in collaboration with
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UMass student Aiste Balciunaite, compared the capture of rod- and sphere-shape silica
microparticles on a catatonically functionalized flow chamber wall. The work included a
substantial effort to synthesize and characterize rod shaped particles, enabling variations
in rod size and aspect ratio. The comparison between rod and spherical particles included
pairings having the same particle volume or diameters and addressing the relative particle
capture rates in the context of transport between the bulk solution and the surface.

The concluding remarks in Chapter 7 summarize the findings and make recommendations
for the next phases of study.
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CHAPTER 2
ROTATION-CONTROLLED CAPTURE OF NANO-SCALE
FUNCTIONALIZED PARTICLES FROM SHEAR FLOW
Adapted from: Shave, M.K.; Kalasin, S.; Ying, E.; Santore, M.M. Rotation-Controlled
Capture of Nano-scale Functionalized Particles from Shear Flow. ACS Applied Materials
& Interfaces, 2018

2.1 Summary
Important processes in nature and technology involve the adhesive capture of flowing
particles or cells on the walls of a conduit. This chapter introduces engineered spherical
microparticles whose capture rates are limited by their near surface motions in flow.
Specifically, these microparticles are sparsely functionalized with nanoscopic regions
(“patches”) of adhesive functionality, without which they would repel the conduit walls.
Not only is particle capture on the wall of a shear-chamber limited by surface chemistry as
opposed to transport, the capture rates depend specifically on particle rotations that result
from the vorticity of the shear flow field. These particle rotations continually expose new
particle surface to the opposing chamber wall, sampling the particle surface for an adhesive
region and controlling the capture rate. Control studies with the same patchy functionality
on the chamber wall rather than the particles reveal a related signature of particle capture
but substantially faster (still surface limited) particle capture rates. Thus, when the same
functionality is placed on the wall rather than the particles, the capture is faster because it
depends on the particle translation past the functionalized wall rather than on the particle
rotations. The dependence of particle capture on functionalization of the particles versus
the wall is consistent with the faster near-wall particle translation in shearing flow,
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compared with the velocity of the rotating particle surface near the wall. These findings,
in addition to providing a new class of nanoscopically patchy engineered particles, provide
insight into the capture and detection of cells presenting sparse distinguishing surface
features and the design of delivery packages for highly targeted pharmaceutical delivery.

2.2 Introduction
From the workings of the immune system to cancer metastasis, from drug delivery to
membrane fouling, and for mineral and bacterial transport in the environment, the capture
of flowing particles on surfaces is critical in nature and technology. The flow sensitivity
of particle deposition is a generally-accepted fact of life, since capture occurs when
hydrodynamic forces are overcome by adhesive surface forces.107–113 The surfaces forces
themselves are often conceived as uniform (for instance following DLVO theory), but in
many systems, roughness114–117 and spatial variations in surface chemistry produce
heterogeneities that discretize adhesive interactions, often producing interesting
behavior.118,119,128,120–127 Indeed intrinsic nanoscale heterogeneity has been identified as an
important player in the capture and release of particles in flow.31,129–132 Discretization
length scales can approach molecular dimensions, and surface-bound molecules may
interact across a nanometric gap.46,133,134

Molecular origins of adhesion include donor-acceptor pairings such as hydrogen
bonding135–139 and bimolecular ligand-receptor binding.140–146 Particle capture governed by
these interactions exhibits sensitivity to flow136,139,147 or force.

140–146

For instance, the

rolling of white blood cells on the inner walls of veins depends on coordination of cell
motion and the forward binding rates of ligands and receptors on opposing surfaces:148 cell
capture is possible only when the binding rates are fast relative to the surface velocities of
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the cell and the wall.149 Additionally, the adhesion molecules on white blood cells exhibit
force-sensitive dissociation.150,151 Relatively simple model systems of hydrogen bondable
brushy surfaces have also been demonstrated to exhibit highly flow-sensitive capture of
particles.136 These mechanisms now inspire targeted delivery strategies and cell capture
schemes in the assessment of cancer treatment.152–155

Here we introduce engineered particles that exploit a different mechanism for the coupling
of hydrodynamic and surface forces: capture controlled by particle rotation. (The particle
rotation in this study is a result of the vorticity of the flow field.) This coupling mechanism
applies in cases where a particle’s capture is limited by its surface features, rather than by
functionality, the collecting wall or by diffusive transport from bulk solution. In this study,
engineered particles are sparsely functionalized with adhesive groups while the
complimentary functionality on the wall is dense. This surface-based system therefore
parallels the example of a second order reaction between two molecular species in solution
where one is in excess and the reaction is controlled by the concentration of the second
species. The particle-based system, however, adds the complexity of hydrodynamics. The
resulting hydrodynamic coupling, because it involves the features of the particles, is highly
relevant in delivery applications or other technologies relying on engineered particles.

We created micron-scale particles containing discrete nanoscopic adhesive features and
studied their capture from shear flow onto a uniform wall that was adhesive only to the
discrete features on the microparticles, in Figure 2. Without the adhesive features, the
flowing silica microparticles were electrostatically repelled from the silica wall. We
compared the capture of these functionalized particles on the uniform silica wall to a
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control system with mirrored surface functionality: the same discrete adhesive features on
the silica wall and the capture of uniform silica particles.

Figure 2. (A) Schematic of engineered particles containing nanoscopic adhesive features.
Zoomed square is about 600 nm on each side and emphasizes the random placement and
nanoscopic (10 nm approximate diameter) of the adhesive features, at a realistic loading of
1200/μm2 corresponding to 0.04 mg/m2 of PLL. The circle is size of zone of influence
(defined below) at a Debye length of κ-1 = 2nm and has a diameter of ~90 nm. (B)
Configuration for control experiment where adhesive features are placed on the wall and
the particles are bare silica.

The adhesive features themselves were polycationic homopolymer chains, poly-l-lysine
(PLL) on the order of 5-10 nm in size, randomly adsorbed156 as shown in Figure 2. On
negative silica surfaces at low levels, immobilized polycation chains produce isolated
nanoscopic flat patches of positive charge on the otherwise negatively charged
substrates.105,106,156 The sparse regions of cationic charge from the PLL on the first surface
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are attracted to an opposing uniformly negative silica surface. Placement of controlled
amounts cationic features on silica microparticles rendered their surfaces rate limiting for
particle capture on a silica wall, as shown in this work. Placement of the PLL on the wall
rather than the particles, in control runs, facilitated particle capture rate limited by the wall,
a behavior established using other polycations.105,106,121,157,158

Intuition, classical colloidal theory,6 and computational schemes in the literature32,118,159,160
suggest that surface forces between particles and a wall will be independent of placement
of the polycations on the wall or the particle, as long as all other variables, especially the
density of polycations, are fixed. We report, counter-intuitively, that placing the discrete
(limiting) adhesive functionality on the particles versus on the wall profoundly influences
particle capture from shear flow. We provide a quantitative explanation involving the
hydrodynamically-driven rotation161 of the functional particles in shear flow.

The findings identify a regime of materials design where synergy between surface
chemistry the particle motion in a flow field may lead to new strategies for drug delivery,
diagnostics, and self-healing systems, while providing further insight into cancer
metastasis and the workings of the immune system.

2.3 Material and Methods
2.3.1 Materials
Poly-L-lysine hydrobromide (PLL), having nominal molecular weight of 15,000 -30,000
g/mol, was purchased from Sigma and used as received. Phosphate buffer with a pH of 7.4
(0.008 M Na2HPO4 and 0.002 M KH2PO4), having a Debye length of k-1 = 2 nm was
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employed in most studies unless otherwise noted. Variations in ionic strength, having
different Debye lengths, were achieved either by diluting this buffer with deionized (DI)
water or by adding buffer salts at the same ratio of Na2HPO4 and KH2PO4. In select control
studies, rhodamine-tagged PLL was employed.

The rhodamine labeling followed

established procedures for fluorophore-isothiocyanate labeling of protein162 and employed
rhodamine B isothiocyanate from Sigma. Labeling was followed by dialysis to remove
unreacted fluorophores and return the solution to the pH 7.4 phosphate buffer. The labeled
polymer was lyophilized for storage and re-dissolved as needed.
2.3.2 Synthesis of Patchy Surfaces
Glass slides (Fisher Finest) were soaked in concentrated sulfuric acid overnight and rinsed
with DI water. This procedure removes metal ions from the glass leaving a pure silica
surface163 with roughness less than a nanometer.164 After rinsing, a slide was air dried and
then sealed in the laminar slit flow chamber. The chamber was filled with phosphate buffer
and used in deposition studies of functionalized particles, or further steps were taken to
modify the silica surface itself.

To functionalize the silica wall with PLL, a 5 ppm solution of PLL in phosphate buffer was
flowed through the chamber at a wall shear rate of 5 s-1 for a predetermined time. PLL
chains adsorbed to the silica wall at the transport-limited rate, controlled by the PLL
concentration and solution flow rate.156 By replacing the flowing PLL solution with
flowing buffer before the surface reached saturation (0.4 mg PLL/m2)156 , a controlled
amount of PLL was deposited on the surface and free chains were removed from the bulk
solution. The adsorption dynamics of the PLL chains were quantified separately in in-situ
calibration runs using near-Brewster reflectometry as seen in Figure 3, having a resolution
29

of 0.01 mg/m2.156 This provided the error bars of about 5% reproducibility, down to
0.01m/m2, in the reported amounts of the deposited PLL chains in particle studies. After
PLL functionalization and rinsing the sealed chamber with flowing buffer for at least 10
minutes, deposition studies of unfunctionalized particles were initiated. The chamber was
not opened between PLL functionalization and particle deposition measurements.

Figure 3. Near Brewster Angle Reflectometry calibration for PLL on a silica surface at
shear rate of 5s-1.

2.3.3 Synthesis of Patchy Particles
Monodisperse 1 µm silica microspheres (GelTech, Orlando FL) were used as received.
PLL-functionalized particles were created by first dispersing 1µm silica particles in
phosphate buffer having a concentration of 5.9 or 26 mmol, for studies to be conducted at
Debye lengths of 4 and 2 nm respectively. At higher concentrations of buffer salts, the
bare silica particles are more difficult to fully disperse and are more likely to aggregate
because of van der Waals forces. At lower salt concentrations, the dispersion rapidly
destabilizes and the particles aggregate with the addition of the oppositely charged
polyelectrolyte.20 PLL solution was added drop-wise, with stirring, to add the targeted
amount of PLL chains to the particles. Adsorption occurred within tens of minutes though
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suspensions were stirred for at least 4 hours to ensure complete adsorption and sonicated
to ensure complete particle dispersion. For studies to conducted at a Debye length of 1 nm,
where particles were less stable, preparation was done in 26 mmol buffer and, shortly
before the flow study, concentrated buffer was added to bring the overall buffer
concentration to 94 mmol. For studies conducted at a Debye length of 8 nm, functionalized
microparticles were often unstable at the PLL loadings of interest. Preparation was
therefore conducted in 5.9 mmol buffer and, shortly before the experiments, deionized
water was added to bring the buffer concentration down to 1.5 mmol. As shown in Figure
4 it is important for experiments to occur at a time scale above the absorption time of the
polyelectrolyte but below that of particle aggregation.

Figure 4. Schematic of synthesis of patchy particles. Experiments with patchy particles are
performed in the window of time after the polyelectrolyte as absorbed onto the polymer
before the particles have aggregated.

The necessary amount of PLL solution to add was determined by considering the targeted
PLL loading and the area of the particles and the wetted glass container walls. (Polycation
adsorption on silica and glass was estimated to be identical based on the chemical similarity
and strong negative charge on both. This assumption was later confirmed using particle
batches differing in overall particle concentrations.)
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Particles were prepared at

concentrations 250, 500, or 1000 ppm, so that the wall area was 5-20 % of the total,
depending on the batch volume. Initial studies using 1000ppm microparticles were
conducted at ionic conditions where suspensions were sufficiently stable over the ~10minute time of a deposition study. However, to study the effect of ionic strength over a
broader range, more dilute suspensions, 250 ppm, were employed to reduce the aggregation
rate. Control studies with particle concentrations of 250 ppm, having greater proportions
of wall area, produced the same particle capture efficiency observed at 1000ppm. This
provided evidence that PLL adsorption onto the walls had been properly taken into account
through the formulations. Additionally, considering the accuracy of our lab balances and
solution handling techniques, we estimate a precision of 0.005 mg/m2 in producing
particles with targeted amounts of PLL.
2.3.4 Particle-Surface Interaction Studies
Particle capture studies were conducted in a custom-built microscope in which the test wall
of the flow chamber was oriented perpendicular to the floor as seen in Figure 5. This
eliminated gravitational contributions to normal particle-wall forces. A 20x objective
provided a 260 x 178 µm field of view with 260 µm in the flow direction. A video camera
recorded the particle capture dynamics at standard video capture rates. Particle adhesion
studies were performed by flowing buffer of the desired ionic strength through the flow
chamber at a wall shear rate of 22 s-1, unless otherwise noted, followed by a suspension of
microparticles in the same buffer and wall shear rate. Particle capture on the wall was
recorded on video. Shear field in the chamber is controlled by the gasket size and pump
settings. To ensure a uniform and known shear rate in the observation area, gaskets were
sized so that the ratio between the width of the channel (between glass slide and
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polycarbonate) and height of the channel is approximately 10, and the observation area is
always near the middle of the channel.

Figure 5. Schematic of laterally mounted flow cell system.

Video data of particle adhesion was fist exported into stacks of TIFF files using FFmpeg
software. These image stacks were analyzed using manual tracking in FIJI is just ImageJ,
or custom IDL tracking codes. Tracking manually allows only the fully arrested particles
to be counted while automatic tracking also includes particles in focus near the surface but
not adhered. The moving particles, however, serve as a fixed background that can be
identified and subtracted.

Worth noting, because we could see the flowing particles in these studies, it was
straightforward to avoid studies that were biased by particle aggregation and to eventually
develop procedures that studied capture of single particles from suspensions that contained
negligible aggregates.
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2.4 Results
2.4.1 Characterization of Patchy Particles
Silica microparticles having targeted amounts of adsorbed PLL chains on their surfaces
were created and employed in particle capture studies on silica flats. In most studies, the
adsorbed amounts of PLL were substantially below the saturation coverage of 0.4 mg/m2,
though characterization and control runs employed particles having PLL loadings up to the
saturation amount. The amount of PLL loaded onto particles (below saturation) was
controlled by the amount of PLL added to the suspension, based on the fact that PLL
adsorbs to silica surfaces rapidly (at the diffusion limited rate).156 When the amount of PLL
in solution is less than that needed to saturate the surface, all the PLL adsorbs to the silica
particles and the glass container walls (which have been taken into account in
formulations). The adsorption of nearly all PLL chains in a specimen, removing all
measurable chains from the bulk solution, is a consequence of the strong polycation affinity
for negative surfaces. For instance, with strong adsorption affinities, equilibrium free
polymer volume fractions fall below 10-8.165,166
2.4.1.1 Fluorescence Spectrometer Studies
A control experiment, employing fluorescent labeling to confirm the removal of all
measurable PLL from free solution upon adsorption to silica microspheres, is shown in
Figure 6. This validates the adsorption approach to produce PLL-functional particles with
precise overall PLL loadings. Also worth noting, PLL adsorption is irreversible on the
timescales of interest in particle capture experiments.127 Additionally, polycations
adsorbed on negative surfaces do not undergo measurable exchange with polycations in
solution.167,168 The complete retention of PLL on our particles was confirmed in studies
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shown, where functionalized particles were rinsed and the washings analyzed for traces of
removed PLL.

Figure 6. Fluorescence calibration curve for and points for the final supernatant
concentrations for the formulations in Table 1.
Rhodamine-tagged PLL was employed in fluorescence studies designed to 1) confirm
complete adsorption of PLL on particle and glass surfaces during particle preparation and
2) establish the complete retention of the PLL on the particles upon incubation in buffer
and rinsing.

These control experiments employed PerkinElmer Fluorescence

Spectrometer, with excitation at 545 nm. Notably, the areas of the particles and the wetted
glass walls of the containers were included in calculations determining how much PLL to
add to a suspension to produce a targeted adsorbed amount of PLL adsorption.

Three separate preparations targeted Rh-PLL loadings on the microparticles, as described
in Table 1. After the formulations were mixed, they were stirred in the dark for 4 hours and
then centrifuged to remove the silica particles. The supernatants were then analyzed to
determine their Rh-PLL contents, shown in Figure 6. The signal at a wavelength of 575
nm (corresponding to the measured peak in solutions of greater concentrations) was
35

compared to a calibration shown in Figure 6 and the supernatants from all formulations
contained less than 0.9 ppm remaining in solution, the detectible limit.
Table 1. Summary of Formulations Studied
Formulation A

Formulation B

Formulation C

Initial Rh-PLL Conc. (ppm)

20

10

5

Target PLL loading (mg/m2)

0.27

0.29

0.37

Target PLL Surface Coverage (%)

68%

73%

93%

Conc. Particles (mg/mL)

26.8

12.5

4.82

% of Surface Area on Particles

99.5%

99%

97%

Conc. PLL Remaining in supernatant
(ppm)

Below Detectable Limit

Conc. PLL in washed supernatant
(ppm)

Below Detectable Limit

To assess retention of Rh-PLL on the particles, the functionalized particles in the sediment
were resuspended in 26 mmol buffer, stirred for 1 hour in the dark, and centrifuged again.
Fluorescence measurements of the supernatants from this washing procedure are included
in Figure 6. The fluorescence levels were below the detectible limits. With the 3.5 ml
volume of the resuspension buffer similar to that of the initial formulation, we conclude
that more than 99% of the Rh-PLL was retained on the functionalized particles upon
exposure to buffer.
2.4.1.2 Fluorescence Microscope Studies
Figure 7 presents micrographs from two batches of microparticles with target loadings of
rhodamine-PLL (Rh-PLL), 0.08 and 0.24 mg/m2 as examples. While the micrographs,
taken on dried specimens, should not be interpreted quantitatively in terms of fluorescence
levels, it is clear that the fluorescent Rh-PLL resides with the particles and not in free
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solution. The bar graph accompanying the images shows the light levels on the fluorescent
channel for 200 individual (not aggregated) particles in each batch, measured from 10
different frames. The bar graphs show greater fluorescence in the batch containing the
larger targeted Rh-PLL loading. Further, once the scattered light from the control particles
(no Rh-PLL added) is subtracted, the fluorescence levels from the particles is roughly
proportional to the targeted loadings. More importantly, the particles appear to be round
in the fluorescence images, with relatively uniform fluorescence loading. The error bars
on the bar graphs, which represent the standard deviation for 200 particles, are fairly
narrow: this indicates good mixing during particle functionalization. We lack the problem
of functionalizing some particles while leaving others unfunctionalized.

Figure 7. (A) Typical microscopic images of microparticles with different target loadings
of Rhodamine-tagged PLL. Left panes are light microscopy. Middle panels are
fluorescence. Right panels are combined. Scale bars are 5 microns. (B) Summary of
particle fluorescence for different loadings of Rhodamine-PLL.
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2.4.1.3 Zeta Potential Studies
The zeta potentials of particles with different loadings of PLL, in Figure 8, additionally
support the quantitative PLL-functionalization of the microparticles. Here, in the limit of
zero PLL loading, bare silica zeta potentials are in agreement with previously reported
values.169 Progressive addition of PLL, over a series of particle batches, produced
incremental linear increases in the zeta potentials. Over the range of surface loadings
relevant to interesting particle capture kinetics, below, from zero to about 0.25 mg/m2, the
zeta potentials are negative because the PLL coverage is relatively low. At a Debye length
of κ-1 = 8 nm, the suspensions were unstable above PLL loadings of ~0.14 mg/m2, so no
zeta potential were reported above this level. More generally at other Debye lengths, for
PLL amounts exceeding 0.4 mg/m2, the zeta potential is positive and does not increase.
This is because, when the added PLL exceeds that needed to saturate the particles, some
PLL remains free in solution while the particles are saturated. Therefore, the same
particles, with 0.4 mg/m2 on their surface, are present in suspensions containing overall
PLL concentrations corresponding to 0.5 and 0.6 mg/m2, the PLL present when reported
on a per particle area basis. The right-most data points correspond to suspensions of
saturated particles and free PLL chains.
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Figure 8. Zeta Potentials of silica microparticles with different amounts of PLL added.
The x-axis indicates the amount of PLL present per unit of available surface area and the
dashed vertical line indicates the saturation coverage of PLL on silica from previous
measurements. Below the saturation coverage, the PLL is expected to adsorb to the
particles. Above the saturation coverage, any additional PLL is expected to be free in
solution.
The zeta potential plateau, in Figure 8 above PLL loadings of 0.4 mg/m2, is an important
observation in supporting the claim that the PLL loading is known precisely, ±0.005 mg/m2
based on lab scale precision and fluid handling. The observed zeta potential plateau at 0.4
mg/m2 PLL corresponds to the saturation coverage measured by reflectometry.156
Therefore, Figure 8 shows that not only are we able to add PLL to silica microspheres in a
linear and controllable fashion, the amount we aimed to add corresponds to that which
actually is added, giving a plateau at the expected coverage. This observation, along with
the tight error bars on the fluorescence per particle, argues for that our PLL
functionalization of silica microspheres is quantitative.

Our

combined

results

(microscopy,

fluorescence

spectrometry,

zeta

potential

measurements) are quantitatively consistent with complete adsorption of PLL from
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solution onto the silica microparticles (below the saturation coverage), forming the basis
for the production of microparticles with controlled amounts of cationic patchiness.
Fluorescence spectrometry argues against PLL remaining free in solution, while the lack
of chain exchange for polycations in the literature140 at these conditions argues against loss
of PLL from particles during capture studies. This is consistent with the retention of PLL156
and other polycations106,170–172 on flats of opposite charge for relatively long times. Based
on accuracy in preparing solutions and suspensions, we estimate a precision of 0.005
mg/m2 PLL in the amount PLL adsorbed to the silica particles.
2.4.2 Flow Cell Studies
Each graph superposes multiple capture runs for different loadings of PLL on either the 1
µm silica particles or the silica wall. The data in Figure 9 show the particle accumulation
as a function of time on the surfaces having the compositions indicated. Importantly, the
accumulation increases linearly over the initial 10 minutes plotted for each run. This
indicates that the particles already captured on each surface at a particular instant do not
influence the capture of subsequent particles. As a result, the capture rates (the slopes of
the data) are an indication of the interaction between the collecting surface and the
individual particles, without complications from particle-particle interactions. This is
observed experimentally (the accumulation is linear in time but the accumulation rate in
the first 10 minutes of a given run is constant). This occurs because pseudo-steady state is
achieved near the chamber wall. The concentration gradient of particles near the wall is
fixed in time, giving rise to a fixed rate of particle accumulation on the wall. This occurs
when the convection of particles to position L is matched with the diffusion across the
boundary layer at that position, so that there is no concentration change (with respect to
time) in the fluid near the surface. The pseudo-steady state condition fails initially when
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the concentration gradient is being set up and also near surface saturation, when the
gradient dissipates. It holds for substantial periods of time when adsorption / capture is
occurring, and the surface is not saturated.

Figure 9. Example data for capture of silica particles on PLL-functionalized surfaces (solid
symbols) compared with capture of PLL-functionalized particles on silica surfaces (hollow
symbols). A) Runs conducted at κ-1 =2 nm. B) Runs conducted at κ-1 =4 nm. The PLL
density on the particles or planar surfaces is varied as indicated.
The capture rates of the silica microparticles on saturated layers of PLL (0.4 mg/m2) are
observed to be transport-limited. The same rates are observed for fully PLL-coated
microspheres on a bare silica wall. Flowing particles adhere on these sticky surfaces at a
rate that matches their transport to the near-surface region. The quantitative form for this
transport-limited adhesion on the wall of a shear flow chamber is described by the Leveque
equation 100–102 (Equation 2.1).
𝑑𝑐[
1
𝛾 ced
=
_ a 𝒟𝑐7h-i
4 c
𝑑𝑡
Γ _ a 9 ed 𝒟𝑥
3

(2.1)

In the transport-controlled limit, the particle accumulation rate, dcs/dt, depends on the bulk
solution particle concentration, C; the free solution diffusion coefficient, D; the wall shear
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rate, g; and x, the distance from the entrance of the flow chamber to the point of
observation. On the right side of Equation 2.1 and only here, G is the gamma function.
The capture of flowing PLL-functionalized 1 µm silica particles on a silica wall is
compared, in Figure 10, to the capture of flowing bare silica particles onto a silica wall
functionalized with the same PLL. The wall shear rate is 22 s-1. Variations in the PLL
loading on the particles or the wall, on the x-axis, facilitate comparison of runs having the
same amount of PLL on the particles or on the wall. The particle capture efficiency, on
the y-axis, describes the measured particle accumulation rate normalized by the calculated
diffusion-limited rate from Equation 2.1.

Figure 10. Capture efficiency of particles flowing at a wall shear rate of 22 s-1. (A) Capture
of functionalized particles is compared to capture on a functionalized wall for a Debye
length of 2 nm. (B) Showing the impact of ionic strength for variations in Debye length
from 1-4 nm.
Figure 10A, comparing runs for PLL placement on the particles or the wall, establishes the
key observation that the capture of PLL-functional particles on a silica wall (hollow points)
is always slower or equal to the capture of silica particles on the PLL- functionalized wall
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(solid points), for the same loading of PLL on either the particles or the wall. Otherwise,
the two sets of data share common qualitative features: 1) Both data series include the
origin, indicating that, without PLL on either the particles or the wall, particles are not
captured: This implicit control demonstrates that the immobilized cationic PLL chains
provide the driving force for particle capture; 2) In Figure 10A both series of runs exhibit
adhesion thresholds, a minimum amount of PLL required for particle capture. The
adhesion threshold for the PLL-functionalized particles is greater than for a PLLfunctionalized collecting surface; And 3) at high PLL loadings, the capture efficiency for
PLL-functionalized particle or a PLL-functionalized wall approaches unity, as particles are
captured at the transport-limited rate on the stickiest surfaces. It is in the surface limited
regime, away from the transport-control, where the PLL placement on the particle or on
the wall produces different rates in particle capture. Worth noting, in much of the surfacelimited regime, the PLL functionalization is relatively sparse, less than 20% of saturation,
and the zeta potentials are substantially negative, in Figure 8.

Motivated by the electrostatic nature of the particle-wall interactions, we considered the
impact of ionic strength on particle capture. Figure 10B shows the slower capture of PLLfunctionalized microparticles on a silica wall, compared with capture of silica
microparticles on the PLL-functionalized wall, over a range of Debye lengths from 1-4 nm.
Figure 10B illustrates that, although variations in Debye length shift the data, the essential
features, from Figure 10A, are preserved. An interesting distinction occurs for κ-1 =1 nm:
The adhesion threshold is substantially diminished and has almost vanished for the PLLfunctionalized wall. Even so, greater PLL loadings are needed on the particles, compared
with on the wall, to facilitate a given particle capture efficiency.
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2.4.2.1 Low Ionic Strength Particle Accumulation Data
Particle aggregation for intermediate PLL loadings at a κ-1 = 8 nm prevented a full data set
from being measured; however, capture was more efficient at these low salt conditions
when the functionality was placed on the wall rather than the particles. For the capture of
bare silica particles on PLL-functionalized walls, data was obtained over the full range of
PLL loadings. However, for PLL-functionalized particles, we were unable to maintain
dispersion stability long enough to conduct the experiments when the PLL loading on the
particles was 0.14 mg/m2 or more. This stability problem did not occur at the higher salt
concentration. Because we were not able to obtain a complete data set and plotting the
data was more complicated than in Figure 10, due to the additional annotation needed,
these data are presented in Figure 11.

Notably, for the full set of runs with the

functionalized walls, there is a clear adhesion threshold and crossover to transport-limited
particle capture on the functionalized wall. We were also able to identify a lower limit of
0.14 mg/m2 on the adhesion threshold for PLL-functionalized particles, also for inclusion
in the state space diagram.
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Figure 11. Particle capture efficiencies for PLL-functionalized walls or particles, as
indicated, for a Debye length of κ-1 = 8 nm.
Looking closer at the zeta potential distribution in this lowest salt case (Debye length of 8
nm), we find that at low surface coverages (below 0.14 mg/m2), the zeta potential
distributions (Figure 12) consist of single uniform peaks indication that the polymer is
adsorbing, and the particles are not aggregating. This agrees with our visual observations
found in the flow cell data.
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Figure 12. Zeta Potential distributions for functionalized particles in phosphate buffer
having a Debye length of 8 nm.

2.4.2.2 Comparison Between Patchy Particle and Walls
Figure 13 summarizes the ratios of particle capture rates facilitated by PLL placement on
the wall compared with on the particle, for variations in PLL loading and different ionic
strengths. When particle capture occurs only above an adhesion threshold, the differences
in the thresholds cause the ratio to diverge as a result of dividing by a zero rate for capture
of PLL-functionalized particles. While the presence of adhesion thresholds causes the
ratios of capture efficiencies Figure 13 to diverge, there is a maximum in the ratio for the
data at κ-1= 1 nm. This maximum ratio is approximately 2 at these ionic conditions.
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Figure 13. Ratio of capture efficiencies for functionalized walls, normalized by that for
functionalized particles with the same amount of functionalization, from the data in Figure
10.
The ratio of PLL needed to obtain a given capture efficiency is shown in Figure 14. At
shear rate of 22 s-1, the functionalized particles always require more PLL than the
functionalized surfaces. At higher salt concentrations and lower capture efficiencies, this
ratio is higher.
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Figure 14. Ratio of PLL needed on the surface of functionalized particles normalized by
the amount of PLL needed to give the same capture efficiency on a functionalized wall.
Determined from the data given in Figure 10.

2.4.2.3 Effect of Flow Rate
Figure 15 illustrates the complicated influence of wall shear rate on particle capture.
Because the transport-limited rate itself varies with wall shear, we present, in part A, the
particle capture rates (not normalized by the transport limited rates) and in part B, the
capture efficiencies, which more nearly collapse the data sets vertically as a result of
normalizing on transport limited rates.
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Figure 15. Influence of wall shear rate, 22 or 110 s-1 on the capture of flowing
functionalized particles or with the wall bearing the adhesive functionality. (A) The
capture rates for suspensions containing 250 ppm particles. Dashed lines represented the
transport-limited rates for the two flow rates. (B) Data represented as capture efficiencies.
The data confirm the expectations that greater amounts of PLL are required to trap moving
particles and overcome hydrodynamic forces. Also seen is that increases in wall shear
reduce the difference in particle capture efficiencies corresponding to PLL
functionalization on the particles versus the collecting wall. The ratios of the capture
efficiencies for trapping of unmodified particles on a PLL-containing wall relative to PLLmodified particles on an unmodified wall are shown in Figure 16A. When comparing the
amount of PLL needed to achieve a given capture efficiency (Figure 16B), the higher shear
rate eliminates the advantage of functionalization of the wall at lower capture efficiencies,
but at higher capture efficiencies, a difference in required polymer loading is still seen.
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Figure 16. (A) Ratio of capture efficiencies, with the efficiency on the functionalized wall
normalized by that on the functionalized particles. (B) Ratio of PLL needed on
functionalized particles normalized by the amount needed on a functionalized surface.

2.4.2.4 State Space Map
Figure 17 summarizes the regimes of particle capture in terms of surface compositions,
ionic strength, and factors controlling capture. This state space map includes the data from
Figure 10 in addition to limited measurements from Figure 11 at low or very high PLL
loadings at κ-1 = 8 nm that allow boundaries in Figure 17 to extend to low ionic strengths.
The state space map facilitates the design of surfaces or particles that either 1) do not adhere
to surfaces because their functionality is below the adhesion threshold, 2) adhere to the
wall at a rate controlled by the loading of cationic PLL on the particles or wall, and 3) are
captured at the transport-limited rate. This representation is useful because the boundaries
can be compared with scaling theories and modeling efforts, capturing essential crossover
physics. The differences resulting from functionalization of the wall versus the particle
occur in the middle (white) section of state space.

50

Figure 17. State Space Maps for the regimes of particle capture behavior when the particles
or the wall are functionalized. The boundaries between “no adhesion” and surface-limited
adhesion represent the locus of adhesion thresholds for PLL-functionalized particles or
wall.

2.5 Discussion
Figure 10 - Figure 17 demonstrate that, in the regime of finite surface-controlled particle
capture, more efficient capture was achieved by functionalizing the collecting wall rather
than the particles with the same amount of PLL. The difference in capture rates was
significant, often greater than a factor of two, when the wall shear rate was moderate, in
the range of 20 s-1. Less efficient capture of PLL-functionalized particles, compared with
a functionalized wall, was observed for a broad range of PLL loadings and the full range
of ionic strengths and Debye lengths studied. We were unable to find conditions leading
to more efficient capture of functionalized particles compared with a functionalized wall
for the same functionalization density.
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The significance and generalizability of these findings is borne out through a recapitulation
of the system’s distinguishing material features. First, it is the surface-immobilized PLL
chains that drive particle capture. Without PLL on the particles or the wall, particles flow
past. (The exception, for κ-1 = 1 nm, is a very low level of particle capture which occurs
more quickly above a small threshold in the amount of PLL added to the particles or the
wall.) Further, the amount of immobilized PLL is rate-limiting for particle capture in the
conditions of interest. (Studies with both particles and wall functionalized are beyond the
current scope.) The adsorbed PLL chains constitute randomly distributed nanoscopic
cationic patches, each of which is attracted to any region of an opposing bare silica object.
At the conditions of interest, the PLL chains are relatively isolated31 and act as individual
weak stickers.106 Thus the PLL-functionalized surface, either the particles or the wall is
rate limiting, while the other surface acts, effectively, in excess. (Recall that the adsorbed
PLL chains also are immobile and lie relatively flat to the surface,156 as expected for
polyelectrolytes adsorbing sparsely on surfaces of opposite charge).158,166,167,173 The weak
per-PLL attractions produce adhesion thresholds, since a particle must be trapped by the
simultaneous influence of several PLL chains.106,122

While surface charge dominates the interactions of the current microparticles, the system
serves a model for adhesive control by surfaces carrying relatively sparse discrete
functionality (here the surface carrying the PLL) interacting with opposing surfaces that
are abundant in complimentary adhesive functionality (here the uniformly negative silica
surfaces). Such a scenario can occur with engineered particles for targeted selective
delivery, or for engineered collecting surfaces, for instance, in microfluidic diagnostics.
The key material feature in this study is that, with an abundance of negative charge on bare
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silica, the PLL functionalization on the complimentary surface controls the particle capture
rates. This is seen in Figure 10 and Figure 15 where the capture efficiencies are dependent
on PLL loading of either the particles or the wall, on the x-axis.

The adhesion threshold features in Figure 10 and Figure 15 is a behavior seen for the
capture of flowing microparticles on walls that were fundamentally repulsive towards the
particles but which were functionalized with low levels of discrete adhesive functionality
including acrylic polycations or nanoparticles.122,157 The observation of the adhesion
threshold in this work with PLL as the polycation is therefore expected. The threshold
results from the weak attraction between individual polycationic species and the flowing
particles, with a single polycation insufficient to capture a flowing particle. When the PLL
loading on the wall is sufficient that particles encounter multiple PLL chains at once, then
particles may be captured, producing the threshold. In this way the adhesion threshold
results from a requisite multivalency in the species responsible for the capture.158 Relevant
here is that similar thresholds occur with the wall or the particles are independently PLLfunctionalized.
2.5.1 Why Does PLL Placement Matter?
Surface forces must be included in an explanation for the different capture efficiencies seen
in systems having either a PLL-functionalized wall or PLL-functionalized particles. Figure
18 illustrates the particle-wall gap region for the two scenarios, focusing on the area on the
two surfaces that are within range of electrostatic interactions, the “zone of
influence”.106,122 This circular area on either surface has a radius Rzoi ~ (κ-1a)1/2.
Simulations and theory demonstrate that 99% of electrostatic interactions arise from the
surface regions within the zone of influence.121,159
53

Figure 18. A) Definition of the zone of influence. B) Close-up schematic of the gap
between a silica particle and a flat wall, showing equivalent positions of surface patches
on the particle or the wall.
For the a given randomly-distributed PLL pattern on either the particle or the wall, an
equivalent pattern of PLL placement can be imagined on the opposing surface, shown
conceptually in Figure 18. Because the electrostatic interactions depend on the particlewall distances, the net interaction cannot depend on whether the curved or flat side of the
gap carries the adhesive pattern. Thus, it follows that placement of functionality on the
curved or flat surface should make no difference to the interactions.

This

interchangeability is the basis for theory and experiments in colloid science including the
use of crossed cylinders as equivalent to sphere-sphere or sphere plate interactions.41 The
Derjaguin approximation6 and more precise integration methods118,159,160 are also
quantitatively consistent with this interchangeability.
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In this work we have worked to develop a symmetric system, where the silica spheres are
chemically matched by the silica wall, and where both are as smooth as one can practically
achieve. However, even with some differences in silica chemistry or roughness between
the sphere and the wall, Figure 18 argues that the interaction between a PLL-functionalized
sphere with a bare wall should be equivalent to that between a plain sphere and a PLLfunctionalized wall. The bare silica interactions across the gaps in the two scenarios are
identical and, further, the nature of an adsorbed patch on one surface or other should be
very nearly similar. Indeed, the saturated coverage of PLL on the wall, measured by
reflectometry is similar to the beginning of the zeta potential plateau for the adsorption of
PLL on silica spheres in Figure 8.

Therefore, in experiments where the PLL loading is the same on one or other surface and
its distribution is random, the principles of colloidal science predict that the surface forces
in the two systems should be equivalent. Thus, the observations in the Figure 10 - Figure
17 are not explained by surface forces alone.
2.5.2 Particle Motion
With sufficient particle-wall attractions, found to be the case for PLL loadings exceeding
~0.15 mg/m2 on either the particles or the wall, particles adhere to the wall at the diffusionlimited rate, for instance, described by the Leveque equation.105,106 Diffusion controls
particle capture in this way even though the Peclet number,
throughout this study.
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When particle capture is limited, not by diffusion, but by the interaction of relatively sparse
surface features, particles near a surface (within reach of electrostatic interactions) are not
immediately captured. The rate at which a particle encounters a sticky region of a
functionalized wall differs from the rate at which functional particles turn over and expose
a sticky region to the wall. Thus, placement of the functionality on the wall or the particles
produces different capture rates and efficiencies.

Near-wall particles flow along the wall for some time, until they diffuse away or are
captured.121,122,159 During this movement, the PLL-functionalized surface is sampled by
the opposing uniform silica surface.118,159,174 At each instant in time, a surface region no
larger than radius Rzoi interacts and, as the particle moves, Rzoi shifts to different material
points on the PLL-functional surface. Not all regions of size Rzoi on the PLL-functionalized
surface can be adhesive when PLL chains are distributed randomly and sparsely.159 This
is especially true in the surface-dominated kinetic regime: Some regions of the surface will
produce net repulsions while other may produce net attractions, causing the particle to
fluctuate in height as it flows.118,159,174 Capture occurs only once a sufficiently adhesive
region on the PLL-functionalized surface, or “hot spot”, is encountered.122,159 Height
fluctuations during particle flow and particle capture on “hot spots” (surface regions of size
Rzoi having statistically high numbers of cationic chains) are behaviors established in
simulations for uniform negative particles flowing over a wall presenting random
nanoscopic cationic patches in the concentration range on the walls in Figure 10.122,159

The probability of a bare flowing particle encountering a “hot spot” on a PLLfunctionalized wall should be proportional to the particle’s translational velocity. Faster
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moving particles cover more wall surface in the period that they reside near the wall. (This
is a diffusion time.) Likewise, particle rotations expose new material points on the
particle’s surface towards the wall, at a velocity Vr = RΩ, where Ω is the rate of particle
rotation. Thus, the probability that the bare wall encounters a hot spot on a rotating PLLfunctionalized particle is proportional on the particle’s rotational velocity. In shear,
particles both translate and rotate. For a microparticle within nanometers of the wall, the
translational velocity is about twice rotational velocity, with only a slight dependence on
particle-wall separation.161 Thus, a PLL-functionalized wall is “scanned by a bare particle
at about two times the rate that, in a separate experiment, a PLL-functionalized particle is
scanned by the wall. For identical patterns of PLL functionality on the wall or the particle
(in Figure 18), an adhesive region of the PLL will be encountered sooner when it is placed
on the wall. The same features on the particle will take longer to reach the zone of influence
through particle rotations. This effect will cause particles to be captured, in shear flow,
more quickly on a functional wall than through placement of functionality on the particles.

A factor of two difference in capture rates is approached in experiments at κ-1 = 1 nm. The
presence of adhesion thresholds at higher Debye lengths produces an even greater
difference between systems in which the particles or the wall containing the limiting
adhesive functionality.

Potentially complicating the description of particle-surface

interactions is the height dependence of the electrostatic interactions: the zone of influence
decreases with increased particle-surface separation.159 When particle capture depends on
adhesive encounters of sparsely populated surfaces, however, the sampling rate of the
functionalized surface is apparently the dominant effect.
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2.5.3 Influence of Flow
Increases in flow produced complicated behavior, a result of competing effects. The
transport-limited rate of particle capture, at high PLL loadings on the particle or wall
increased as would be expected, in Figure 15A. At the same time, increases in flow were
seen, in Figure 15B, to reduce the difference between particle capture rates driven by
functionalization of the particles versus the wall. This, however, was a smaller effect than
the impact of flow on the adhesion thresholds. With increases of flow, the particle capture
became more difficult, requiring greater PLL loadings overall. Both observations are best
understood in the context of the particle fluctuations that are driven by attractions and
repulsions when near-surface particles experience different numbers of PLL chains within
the zone of influence. Simulations by Duffadar and Davis, and later by Bendersky,
demonstrated that these fluctuations are suppressed with increased flow, making particle
capture more difficult and diminishing the effective impact of wall or particle
heterogeneities.121,174
2.5.4 Ruling Out Alternative Mechanisms
We considered other potential reasons for the differences observed for placement of
polycations on the particles or the wall. First was the possibility that the particles were less
densely functionalized than reported. Our control studies, however, establish that this is
not the case. Fluorescent labeling experiments, described earlier, demonstrated that, for
the fabrication of particles containing less than saturated levels (0.4 mg/m2) of PLL, all the
detectible PLL was adsorbed from solution well-within the processing period of less than
4 hours and that the PLL was retained on the particles after dilution in buffer. By taking
wall area into account in formulations, we were able to obtain the same particle capture
rates when particle batches were formulated at 250 ppm or 1000 ppm. This provided
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confidence in our ability to produce particles with targeted PLL loadings and confirmed
the quantitative reporting of PLL coverage.

Finally, the zeta potentials of the

functionalized particles increased, with incremental PLL functionalization, as expected, in
Figure 8, in further agreement with the reported levels of PLL functionalization. The
leveling off-of the zeta potential at PLL amounts corresponding to 0.4 mg/m2 in Figure 8
was consistent with the 0.4 mg/m2 plateau coverages measured by reflectometry on the
chamber wall.156 This served as an independent check of our ability to quantitatively load
target amounts of PLL onto the particles or wall.

A second potential source of artifacts in these studies is the possibility of non-uniform PLL
distribution among the different particles in a sample. While it is not clear that this
potential problem would explain results such as a higher adhesion threshold for the PLLfunctionalized particles compared with a PLL-functionalized wall in Figure 10, procedures
targeted a uniformly random distribution of PLL among the particles in a sample. For
instance, the PLL solution was added incrementally to the particle suspension to avoid
producing a particle population with a high PLL loading. Confirming a single population
of functionalized particles rather than subpopulations with high and low charge, zeta
potential characterization produced single peaks.

Finally, we considered the possibility that a random distribution of PLL chains adsorbed
on the surfaces of microparticles, which is what we aimed to achieve, could itself be
responsible for our observations. A random distribution of adsorbed species (following a
Gaussian or Poisson distribution) will always produce some particles having more chains
and some particles having fewer chains than the average. Thus, some particles will be less
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adhesive than others. This effect, for a truly random distribution, turns out to be small:
For instance, we considered a PLL loading of 0.06 mg/m2 corresponds to an average 5650
chains per 1 µm diameter particle. (This PLL loading was observed at the adhesion
threshold for PLL-containing particles in a buffer having a 2 nm Debye length.) If a
random distribution is achieved, then ~1% of particles will have 5490 or fewer chains per
particle. Far fewer than 1% of the particles will, in a Gaussian distribution, have greater
deviations from the average (reported) PLL loadings. Thus, a random distribution of chains
on the particles produces very minor differences (less than a percent) in the numbers of
chains per particle and cannot produce particle subpopulations which might explain the
observations.
2.5.5 Significance
The findings reported here, summarized in the form of state space diagrams, form an initial
basis for the design of targeted particles whose adhesion could be tuned through rotations
driven by hydrodynamics or other fields. Such effects could form the basis for targeted
delivery packages whose adhesion is controlled not only by surface features but also by the
flow environment. Understanding the role of particle rotations in their capture by discrete
adhesive moieties may also aid in the design of devices that capture and manipulate rare
cancer cells or specialized immune cells.

2.6 Conclusions
We presented engineered particles whose capture was controlled by their sparse surface
features, producing adhesive capture that was substantially slower than particle capture by
the same level of functionalization of an adhesive wall. The more efficient capture for the
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PLL functionalized wall occurred over a broad range of PLL surface loadings and ionic
strengths at moderate shear rates, here near 20 s-1.

The observed differences in particle capture were attributed to particle motions in shearing
flow. When flowing microparticles are within a few nanometers of a wall, sufficient for
surface interactions, their rotational velocity, driven by the vorticity of the shearing flow,
is about half that of their translational velocity. As a result, new material points on a
particle’s surface rotate into interactive range of the wall at about half the rate that new
material points on a wall translate within range of the particle. This distinction becomes
important when particle capture occurs through the engagement of sparse features on one
or the other surface. Then, particle movement can determine the rate at which adhesive
regions on the functionalized surface have the opportunity to interact. In shearing flow in
our systems, the PLL-functionalized wall was sampled by silica particles at about half the
rate that PLL-functionalized particles were effectively sampled by the bare wall.

The functionalized particles in this study, with their rate-limiting discrete adhesive features,
comprise a model system in which hydrodynamic and surface design considerations can
be tuned for precise control of capture and adhesion. The current study employed
electrostatically attractive surface features, enabling the strength and range of the
attractions to be tuned through ionic strength. The observed rotation-control of particle
adhesion, over a range of salt concentrations, demonstrates that the influence of rotation is
not limited to a narrow range of adhesive strengths. Our best proposed explanation for the
reduction of the effect at higher flow rates was the suppression of fluctuations driven by
spatially varying electrostatic interactions.
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CHAPTER 3
SWIMMING BEHAVIOR OF BACTERIA INCREASES
NUMBER AND DURATION OF BACTERIAL-SURFACE
ENGAGEMENTS
3.1 Introduction
Because motility is associated with bacterial pathogenesis,175 there is general interest in
studying the interactions of swimming bacteria with biomaterial surfaces. E. coli, a
bacterial type associated with disease176–178 and biomaterial infections,179,180 includes
motile phenotypes that swim using a bundle of several flagella. With flagella bundled,
bacteria travel in nearly straight trajectories; however, occasionally when one or more
flagella motors reverse, unbundling of flagella interrupts this straight swimming, resulting
in a redirection termed “tumbling” that facilitates chemotaxis.

181,182

During straight

swimming, cell motion is described as pushing, and a hydrodynamic force dipole pushes
out at the front and back of the cell while a hydrodynamic inward force occurs along its
sides. These hydrodynamic interactions are considered long range, for instance having
interactions with a surface that scale as 1/h3 where h is the separation distance between the
bacteria and the surface.63,76 E. coli are classified as “pushers,” as are many other important
types of bacteria.63,183,184 Bacullus subtilis, with dimensions (4-10 µm in length and 0.25-1
µm in diameter) slightly larger than E. coli (2 µm in length and 0.5 µm in diameter)
represents another important model bacteria exhibiting pushing behavior. Seminal studies
employing model strains of both E. coli and B. subtilis have established swimming
behaviors potentially relevant to the biomaterial interactions studied here.
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Run and tumble bacteria chemotax, that is swim progressively towards surfaces that
produce gradients of dissolved nutrients in solution.72 In the absence of chemical gradients
and even for straight swimming pusher strains, there is the perception that bacteria swim
towards surfaces in quiescent solution due to very long-range hydrodynamic attractions.
In fact, bacteria in quiescent suspension swim in all directions. When a cell happens to
encounter a surface, hydrodynamic repulsions (pushing) at the front of the cell cause it to
rotate during a surface encounter, allowing a long-range hydrodynamic attraction between
the sides of the cell and the surface to retain the cell in the vicinity of a surface. A result
of these interactions, non-tumbling E. coli cells have been shown to be concentrated by
about a factor of 5, in a region 10-20 µm from the rigid walls bounding fluid gaps that are
100 or 200 µm deep.76 Also for Caulobacter crescentus, cell-surface collisions and
subsequent hydrodynamic attractions are reported to produce elevated cell concentrations
in sub-micron near-surface region while the cell concentration approach that of the bulk
suspension by 10 µm from the surface.185 The near-surface cells exhibit further interesting
behaviors such as swimming in circles as a result of torque from the flagella bundle.75
Confined bacteria, such as those in quiescent microfluidic channels selectively swim along
one wall as a result of the same chiral flagellar action,186 though the potential to interact
with multiple walls through long range hydrodynamic interactions is complex. These types
of long range hydrodynamic interactions are not unique to microbial swimmers, the wall
accumulation behavior has also been seen for synthetic particle swimmers indicating that
it is a functionality of motility and not just of microrganisms.187

While most studies of swimming bacteria have been conducted in quiescent conditions, the
coupling of swimming dynamics with a flow field reveals further fascinating complexities.
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For instance in Poiselle flow, a depletion region is reported for both wild type and smooth
swimming B. subtilis, and wild type P. aeuginosa as a result of “trapping” of pusher cells
in regions of greater shear.83 For the appropriate geometries and ranges of flow rates, this
effect can reduce the cell concentration at the center of a channel by as much as 30%
relative to the situation without flow.83 Notably, this effect concentrates cells in regions
more near the walls than the center of the chamber but is not a wall effect. It would occur
in the absence of hydrodynamic attractions to the wall. Instead, coupling of swimming
hydrodynamics and flow traps cells away from the centerline where the shear rate vanishes,
in favor of the sharper velocity gradients. The extent to which this effect increases wall
collisions and physical interactions between cells and surfaces is not known.

Also

interesting, cells oriented by shear gradients can swim against the flow; however the extent
to which this produces net cell travel against the flow direction depends on the flow
conditions.82,84

Indeed, in high shear, retention of E. coli in corners and sidewalls of

channels produces clear upstream migration of cells.85

The growing literature on the interactions of swimming bacteria with surfaces however,
has now uncovered the basic aspects of cell-surface hydrodynamic interactions; the
connection of these behaviors to those of biomaterial interactions, for instance relevant to
biofilm formation, is an important open area. For instance, it is evident in models of steady
state cell concentration profiles,76,185 that the residence of time near-surface cells is finite
as cells move about. While cells are observed to leave the near- wall region,76,80,185 the
steady state fluxes and other dynamic features such as effective cell-surface residence times
of these systems are not yet quantified. Near surface residence time at the level of
individual cells is, for instance critical, because the opportunity for adhesion events
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increases with residence and because the restriction of flagellar motion is known to trigger
cell-level changes that facilitate biofilm formation.188

The study in this chapter aims to reveal the fundamental interactions between a swimming
bacterium and a single wall in flow, using a large chamber in which the bacteria are
unconfined, in sharp contrast with current studies which take place either in confined
environments or with little to no imposed flow.82,83,189,190 In the studies that do impose flow,
the majority are performed in confined channels and moderate shear rates that allow for
the geometric properties of the channel to dominate the interactions.85 This chapter reports
a study of the impact of swimming motility and the presence of flagella on the dynamic
interactions between a bacterium and a non-adhering surface in shear flow. Non-adhering
is defined to mean that bacteria are not captured and retained. In contrast with studies
reporting directional swimming in microfluidic channels, the fundamental question of
hydrodynamic and biomaterial interactions are probed here at a single surface (bounding a
thick 0.7 mm flow chamber).

To fully explore this issue, we compared the behavior of E. coli cells of a parent strain to
three genetically modified phenotypes: “Super Swimmers” or bacteria that have extra
flagella and are able to swim faster than their parent strain; a version of the Super
Swimmers engineered to have non-functioning flagella termed “No Motors”; and bacteria
with no flagella termed “No Flagella”. Within these four types of bacteria studied there are
two classifications of bacteria: active swimmers and diffusers. As illustrated in the
schematic of Figure 19 the Super Swimmers exhibit their own independent motion towards
and along the surface.

By contrast, the diffusers rely only on diffusive transport
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mechanisms. This study compares the differences in interactions between these types of
bacteria and a non-adhesive PEG surface.

Figure 19. Schematic of different types of bacteria-surface engagements, A) Active
transport along surface by Parent Strain (green) and Super Swimmer (Blue). B) Diffusive
engagements by non-motile “No Motor” (magenta) and “No Flagella” (purple).

By laterally mounting the chamber, bacterial-surface interactions were studied without the
influence of gravity, providing a model system more similar to what would be found in
nature. The flowing system also allows for surface interactions to be studied on a much
faster time scale (smaller contact time) then possible with time-dependent settling
studies.191 A potential mechanism in E. coli for this rapid type of catch-release bond is the
Fim-H that forms pili on the surface of E. coli.192 These types of bonds have been shown
to be sensitive to shear rate.193,194
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3.1.1 Effect of Motility
In both bacteria and synthetic particles, motility has a large impact on how a colloid or a
living colloid behaves. Work on synthetic particle systems has shown that particles that
can swim initially exhibit random walk type motion and collision but then begin to
aggregate and form ‘living crystals.’ These ordered regions can break apart and reform,
and if the swimming ability of the synthetic particles is turned off, the ‘living crystals’
break up and return to random walk and diffusion behavior.60,195 This motility-induced
phase separation is believed to be caused by a pressure difference due to the swimming.196
This behavior also causes particles to swim towards the wall of their container.187,197 This
phenomenon of active colloids swimming towards the walls and forming aggregates is also
seen in bacteria systems.185 In flowing systems the bacteria accumulate near the walls of
the flow cell leaving a region in the center of the channel with significantly less bacteria
then the surrounding walls.82,83
3.1.2 Design of Model E.coli. System
E. coli is currently the most studied bacteria and the most used model organism for use
though out many different types of academic and commercial reseach.198 As a result of its
extensive use, considerable effort has been made in sequencing the genome of many
common laboratory and pathogenic strains. A summary schematic of the genetic
modifications and strains used in the design of our model E. coli system is shown in Figure
20. The Kieo collection was used as the basis for the model E. coli system due to the
availability of isogenic mutants.199 E. coli BW25113, E. coli JW1881 and E. coli JW1879
were purchased from the Coli Genetic Stock Center (New Haven, CT). E. coli BW25113
(Parent Strain) is the parent stain of the Keio collection. E. coli JW1881 (No Flagella) is a
modified strain with a genetic knockout of the flhD gene which is critical for the growth
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of flagella.200 E. coli JW1879 is contains a genetic knockout of the motA gene that is
necessary for proton-conducting in the flagella motor, yet does not effect flagella
synthesis.201 In order to upregulate the growth of flagella, in both isogenic mutant strains,
a pflhDC plasmid (details of plasmid design and procedures is found in section 3.2.2.2)
was cloned into the isogenic mutant strains. In the No Flagella strain this plasmid restores
and upregulates the motility of the bacteria, producing a Super Swimmer strain. By cloning
the same plasmid into the motor mutant strain flagella growth were upregulated without
restoring motility. This strain called the “No Motor” strain has a similar number of flagella
as the Super Swimmers, but lacked the ability to swim.

Figure 20. Design of model E. coli system. The Keio collection was chosen due to the
availability of single gene knockout mutants. Two mutants, one for flagella and one for
flagella motors were chosen. These strains were further modified with the constructed
pflhDC+EGFP plasmid to upregulate the growth of flagella.
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3.2 Materials and Methods
3.2.1 Materials
Tryptone, sodium chloride, and yeast extract were purchased from Sigma-Aldrich (St.
Louis, MO). Agar, Na2HPO4, and KH2PO4 were purchased from Fisher Scientific (Fair
Lawn, NJ).
3.2.1.1 Polyethylene glycol
Polyethylene glycol (PEG) (Figure 21) is currently the commercial gold standard for
resistance to biofouling. PEG has been shown to be resistant to protein adhesion through
two different mechanisms. The first mechanism is steric hindrance where the PEG chains
from a steric barrier that prevents the protein from being able to encounter the surface.202
The second method is a hydration layer where in addition to the steric hindrance, PEG
chains will swell and hydrogen bond with water when in an aqueous environment. This
creates an osmotic pressure gradient that prevents proteins and bacteria from encountering
the surface.203 While PEG is the commercial gold standard, it is not perfect. Over long time
scales bacteria and protein can adhere due to the ability of PEG to hydrogen bond, and PEG
will eventually break down in high salt conditions like those found within the body.204

Figure 21. Molecular structure of PEG, the current commercial gold standard for
resistance to biofouling.
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3.2.1.2 PLL-PEG Brushes
Poly-L-lysine-g-PEG copolymer (PLL-PEG) brushes (Figure 22) were used as the model
PEG surface. PLL-PEG brushes were synthesized and characterized as previously
described.205–208 Briefly, PLL with a molecular weight of 15,000-30,000 Da was dissolved
in a pH 9.1 sodium borate buffer. PLL was then reacted with a sodium valeric acid
terminated 5,000 MW PEG (Laysen Bio Inc, Arab, AL). The amount of PEG molecules
added to the reaction was adjusted to allow approximately one third of the amine groups
on the PLL to be functionalized. After the reaction was complete product was purified by
dialysis, lyophilized and stored at -20°C until use. Extent of functionalization was
determined by comparing the relative areas of side chain peaks (-CH2-CH2-) to (-CH2-N-)
in 1H NMR (Brunker 400MHz).

Figure 22. Molecular structure and schematic of PLL-PEG brushes. PLL portion of
brushes adsorbs flat on glass substrate leaving a PEG brush coming up from the surface.

In order to functionalize the surfaces for testing, glass slides (Fishers Finest) were etched
overnight concentrated sulfuric acid. This treatment has been shown to produce a pure
silica surface.163 Slides were functionalized by flowing a 100 ppm PLL-PEG solution in
pH 7.4 phosphate buffer (0.008 M Na2HPO4 and 0.002 M KH2PO4) over the glass surface
at a shear rate of 15 s-1 for 10 minutes followed by 10 minutes of buffer. Finally, the flow
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cell was flushed for 10 minutes with the PBS prior to introducing bacteria into the flow
chamber. The flow cell was not opened or exposed to air between adsorption of the brush
on the surface. The brush system has been shown to be protein resistant and does not
degrade in the salt concentrations used in these experiments.156,191,209 When adsorbing to
the surface the PLL backbone adsorbs to the surface leaving the PEG side chains to come
off the surface to form the brushy layer (Figure 22). The brush architecture used in this
study has an approximate brush height of 15.5 nm.
3.2.2 Methods
3.2.2.1 Bacteria Growth
Bacteria were grown in overnight at 37°C in Luria- Bertani broth (LB) with antibiotics as
required: no antibiotics for the Parent Strain, 50 µg/mL kanamycin for the No Flagella
strain, or 50 µg/mL kanamycin and 100µg/mL carbenicillin for the Super Swimmer and
No Motor strains. After overnight growth, liquid cultures were restarted using 200 µL of
overnight culture in 5 mL of LB and same antibiotics. Additionally, in the restarted cultures
50 µL of 20% wt/vol arabinose solution was added to the Super Swimmer and No Motor
Strains to induce the flhDC plasmid. These cultures were grown for 4 hours and harvested
in the log growth phase.

Bacteria cultures were then washed 3 times (centrifuged at 3500 rpm for 2 min) in pH 7.4
Phosphate Buffer Saline (PBS) (0.008 M Na2HPO4, 0.002 M KH2PO4, and 0.15 M NaCl)
and resuspended in the same buffer at a concentration of approximately 1x108 cells/mL.
This concentration is below that were bacteria-bacteria interactions were found relevant at
surfaces.210 The concentration was determined using OD600 measurements.
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3.2.2.2 Design of pflhDC Plasmid
The plasmid design and genetic modification in this section was done by Vishnu Raman in
the Forbes lab. To upregulate flagella growth the flhDC gene was amplified using PCR
from the Salmonella (SL1344) genomic DNA using the following primers: Forward
aaaaaaCCATGGgtTAATAAaaggaggaatatatATGCATACATCCGAGTTGCTAAAACA
Reverse-aaaaaaCTCGAGaaaaaTTAAACAGCCTGTTCGATCTGTTCAT

(Invitrogen).

The PCR product was digested with NcoI-HF and XhoI-HF (New England Biolabs). The
PBAD-his-myc A plasmid (Invitrogen) was also digested with NcoI-HF and XhoI-HF
(NEB). The digested vector and PCR product were mixed together at a ratio of 50
nanograms of plasmid backbone to 500 nanograms of PCR product and ligated together
with T4 DNA ligase in ligase buffer. The resulting plasmid (pflhDC) was transformed into
DH5alpha E. Coli (CGSC). To allow fluorescent detection of bacteria, the plasmid also
contained a green fluorescent protein expression cassette. The GFPmut3 protein was
amplified

through

PCR

using

the

following

primers:

Forward:

aaaaaaGCGGCCGCTTTACACTTTATGCTTCCGGCTCGTATAATGAATTCAAAAA
AAAGGAGGAAAAAAAATGAGTAAAGGAGAAGAACTTTTCA

and

reverse:

aaaaaaGCGGCCGCTTATTTGTATAGTTCATCCATGCCAT (Invitrogen). The pflhDC
plasmid and EGFP PCR product were digested with NotI-HF (NEB). After using a PCR
cleanup column (Zymo Research), the NotI-HF digested PCR product and pflhDC plasmid
were ligated together with T4 DNA ligase in ligase buffer to create the pflhDC+EGFP
plasmid. The resulting plasmid was transformed into DH5alpha.

The pflhDC+EGFP plasmid was transformed into the JW1879 and JW1881 strains as seen
in Figure 20. Briefly, JW1879 or JW1881 was grown in Luria broth (LB Media) to an OD
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of .5, washed twice with ice cold deionized water and transformed with 100 ng of plasmid
DNA using electroporation. (#FB101, Fisher Scientific). Bacteria were recovered in LB
Media for 30 minutes and plated on carbenicillin plates (Chem Impex international)
overnight for subsequent studies.
3.2.2.3 SEM Characterization
After the final growth step described above, bacteria were washed by centrifugation at 3500
rpm for 2 minutes in deionized (DI) water 3 times and then fixed in 2.5% Glyceraldehyde
solution in DI water for 2 hours followed 3 additional washes in DI water. 20 µL of
resuspended bacteria solution was pipetted onto the center of a piece of a clean silicon
wafer and allowed to air dry overnight. Samples were sputter coated (Cressington Sputter
Coater 108) with gold for 60 seconds prior to imaging with a FEI Magellan 400 XHRSEM.
3.2.2.4 Plate Motility Assay
In order to test the motility of the bacteria strains soft hydrogel plates with 0.4% agar in
LB Media, in 10 cm petri dishes were made immediately before beginning assay. 2 µL of
liquid culture was pipetted into the center of the plate and location marked. Plates were
then incubated at 37ºC for 72 hours. In order to determine relative motility between strains
the distance that the bacteria growth front traveled was marked and measured every 24
hours. This is a generally accepted assay used to confirm motility of bacteria.211
3.2.2.5 Bacteria-Surface Interaction Studies
Studies of interactions between flowing bacteria and a PEG brush were conducted in a
custom-built flow cell system in which the test surface comprised one wall of the flow
chamber. Both the microscope was oriented horizontally on an optical bench to few the
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test surface which was oriented perpendicular to the floor, to prevent gravity from affecting
cell-surface interactions. The objective used for these studies was a Nikon Plan Fluor 20x
objective with a numerical aperture of 0.5. This gave a depth of field of approximately 3.5
µm. Bacteria were flowed across the surface at a shear rate of 15 s-1 for approximately 10
minutes. Data was recorded on DVDs and framed at a rate of 5 frames per second using
FFmpeg software. Manual tracking was done using FIJI is just ImageJ.

3.3 Results
3.3.1 Characterization of Bacteria Modifications
Studies were conducted to establish that the genetic modifications described in the
Experimental Methods Section (Section 3.2.2) produced the intended morphological
features and dynamic behaviors.
3.3.1.1 SEM of E. coli and Their Flagella
Representative scanning electron micrographs in Figure 23, confirm the presence and
absence of flagella in the four strains. The interpretation of the micrographs is limited to a
qualitative assessment of the relative numbers of flagella between strains, as we found
evidence that specimen preparation breaks many others that were much shorter then
typically seen and much shorter than a single helix length. The majority of the flagella in
the Super Swimmers seen are well over 5 µm in length and have a defined helical pattern.
A few however, are significantly shorter (~1 µm) and end in the middle of a helix. Both
of these are shown in image in Figure 24. In both the Super Swimmer and No Motor strains,
which contained the flhDC plasmid, a large number of flagella are seen in all micrographs.
Many cells had several flagella, though some had a single flagellum. By contrast, with the
flhD gene knocked out in the No-Flagella strain, no evidence of any flagella was found in
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any micrograph. The micrograph of the Parent Strain shows few flagella attached to cells.
Most of parent strain cells did not possess flagella after the completion of sample SEM
preparation steps. The few cells that did retain their flagella generally only had one visible
flagellum, as shown. The results indicate that the pflhDC plasmid does upregulate the
growth of flagella when compared to the Parent Strain. Additional micrographs of all
strains are shown in Figure 25.

Figure 23. A) Scanning electron micrographs confirming the presence (or absence) of
flagella on each of the strains. Flagella attached to cells are highlighted. B) Typical image
with many Super Swimming cells.
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Figure 24. SEM showing evidence of flagella breakage. Both bacteria contain flagella
shorter then typically seen and the left most flagella on the left bacteria is broken off from
the cell.

Figure 25. Additional SEM of all strains studied. Scale bars are all 2um.
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3.3.1.2 Verification of Motility of Bacteria
A plate motility assay was used to confirm the motility of the different strains. This assay
establishes bacterial motility based on the observed colony expansion as a result of cells
swimming or swarming outward from an inoculated region at the center of an agar
plate.212,213 Figure 26A presents images of the plates 72 hours after inoculation. The Super
Swimmers and the Parent strain exhibit substantial mobility with the Super Swimmers
reaching the edge of the plate more rapidly, as summarized in Figure 26B. Conversely, the
persistently small size of the No-Flagella and No-Motor colonies, with only slight colony
expansion due to crowding, is consistent with the intended lack of mobility in these strains.
The combined micrographs and motility results demonstrate that the No-Motor strain lacks
motility despite its multiple numbers of flagella per cell, consistent with the intended nonfunctioning motors at the base of each flagellum. 214 Worth noting, the plate motility assay
confirms general swimming activity but does not address the sizes of motile and non-motile
populations within a batch.
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Figure 26. A) Motility plates showing the colony sizes at 72 hours for the four strains. B)
Relative colony size, normalized on plate radius, as a function of time.

3.3.2 Near-Surface Cell Engagement and Tracking
Coating flow chamber surfaces with a PEG brush rendered them negligibly adhesive,
unable to capture or arrest flowing E. coli cells. Cells of the different strains, did, however,
exhibit distinctive near-wall motion signatures, influenced by their cell morphology and
motility, potentially combined with strain-dependent hydrodynamic and weak reversible
adhesive interactions, at the focus of this study. Of the millions of cells flowing through
the 700 µm- thick chamber, only a subset of those approaching the brush-modified test
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surface within the ~1.5 µm depth of field of the microscope had the chance to interact with
the surface and these were tracked, as described in the example below.

As an example of how we quantified the near-surface motion of flowing cells, Figure 27
shows the results of manually tracking a typical No-Flagella E. coli cell. The cell enters
the field of view traveling quickly. After about 2 seconds the cell slows down and travels
at a velocity of about 8.3 µm/s for a period of 1.2 seconds. It then travels more quickly for
about 2.8 seconds before briefly encountering the surface and then traveling quickly once
again.

After an additional 3 seconds, the cell exhibits a period of protracted slow

movement, at about 7.9 µm/s to the edge of the visible field and then it exits. The
differences in cell velocity indicate that the cell is moving perpendicular to the surface,
sampling streamlines of different speeds, potentially changing its orientation and
experiencing viscous drag and reversible adhesion when it is close to the surface. When
the cell engages the surface through reversible adhesive interactions or viscous drag against
the ~10 nm thick PEG brush, its velocity is reduced below what it would be, moving freely
on the same streamline at the same orientation. (With a particle Reynolds number of ~104

, cells are dominated by viscous rather than inertial effects, and so bouncing and

rebounding is not a suitable explanation for periods of slow movement.) Figure 27
demonstrates that some interactions between a cell and a surface can produce protracted
periods of relatively slow near-surface travel. As seen in Figure 27, it was generally the
case that when a cell was moving slowly, it exhibited smaller velocity fluctuations than it
experienced when it was moving quickly, further evidence of interactions with the PEG
brush.
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Figure 27. Total distance traveled (A) and instantaneous velocity (B) as a function of time
for a typical No Flagella E. coli cell traveling near the surface in laminar shear flow with a
shear rate of 15 s-1.

For the purposes of this chapter, and without arrest of cells on these surfaces, we sought a
working guideline to distinguish cells with surface interactions from those moving freely.
Then for surface-interacting cells we compared the behaviors of different strains. With
flowing near-surface cells interacting intermittently and reversibly with the surface, we
identified dynamic adhesive interactions and protracted hydrodynamic interactions,
terming them “surface engagements.” During engagements, the rate of cell travel along
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the surface was substantially reduced from what it would be without engagement. In
identifying cells moving slower than the free stream velocity, we were guided, in part by
Brenner’s treatment of a sphere flowing over a wall in in shear flow. For a sphere diameter
of 2.5 μm with its surface just nanometers from the wall, the sphere’s velocity is about 9.7
μm/s. Though the present cells are not spherical, and without a better model we considered
this velocity as one measure of the minimum free cell travel velocity, below which cells
must be interacting with the surface. Also taken into consideration, for a wall shear rate of
15 s-1, the streamline velocity 2 μm from a surface is 30 μm/s or, 1 μm from the surface the
free stream velocity is 15 μm/s, values similar to typical straight swimming velocities of
20 µm/s.215,216 Thus even for straight swimmers, the near-surface flow is strong enough to
dominate bacterial movement via swimming, and more than a few microns from the wall,
bacterial travel is entirely dominated by the flow. These considerations motivated our
categorization of slow-moving cells, traveling less than 9.3 µm/s for a distance of at least
5µm (approximately two body lengths) as being engaged with the surface. Thus, we
analyzed cells having runs of dynamic adhesion that persisted for at least 0.6 s. While some
cells may have engaged dynamically, for instance by reversible adhesion, for shorter times
these engagements were not trackable with our framing rate and with magnification of our
experiment. The 5 µm travel requirement ensures that slight errors in manual tracking did
not produce erroneous engagements. This work employs this working definition to
distinguish cells that are freely moving from those whose interactions with the surface have
influenced and reduced their motion. In this way we consistently identified populations of
engaging cells for further study.
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Based on this definition of an engagement, the cell shown in Figure 27 experiences two
engagements plus a shorter encounter that does not qualify as an engagement. The second
of the two full engagements extend beyond the field of view and can be counted in the
numbers of engagements but could not be included in other analyses such as engagement
lengths or average engagement velocity.

While the ~9 µm/s criterion to define an engagement appears arbitrary, we find that
moderate variations in the choice of cut off velocity had minimal impact on the statistics
and conclusions reported here. The effect of choosing a larger cutoff is that there are more
engaged cells per unit time and area and somewhat longer engagements; however, the
effect is small. For instance, choosing a velocity of 11 µm/s rather than 9 µm/s, in the
sample run shown in Figure 27 the additional encounter that previously did not qualify as
an engagement would qualify as a short engagement with a length of 5.9 µm. There is no
effect on the length of the other complete engagements. The choice of cut off is additionally
consistent with the observation that during engagement, we find velocity fluctuations
reduced compared to that during cell motion away from the wall. As an example, for the
run in Figure 27, the variances of the velocities for the two engagements were 4.2 and 6.2
µm2/s2, while for the periods of time between engagements it was 93 µm2/s2. This
difference in variance between the engaged and non-engaged velocities is seen across all
the runs. Thus, we proceeded with this working criterion for cells that were adhesively or
frictionally engaged with the surface, warranting further analysis and enabling
comparisons between the different strains.
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3.3.3 Effective Surface Engagement Flux
A first measure of the differences between the near-surface dynamics of the four strains is
the numbers of cells per unit area engaging the surface in a given time. This flux of
engaging cells, shown in Figure 28, counts the numbers of cells having at least one
engagement in the field of view and is corrected to account for slight batch to batch
variability in cell concentration near the working concentration of 1.0 x108 cell/ml. This
engagement flux is, for the dynamic adhesion of engagements, analogous to the classical
capture rate of adhering cells, particles, or adsorbing molecules per unit area of wall in
shear flow. In the classical case where diffusing species adhere rapidly to a wall from shear
flow, the Leveque treatment predicts the maximum or diffusion-limited accumulation. The
engagements of nonmotile cells like those in Figure 27 also require diffusive approach to
a surface.

A fraction of the cells reaching the surface engage reversibly through

physicochemical or hydrodynamic interactions. The maximum flux of engaging nonmotile cells is expected to be diffusion-limited, as described by the Leveque treatment.
Here a dilute solution diffusivity is typically employed and, additionally, the near-surface
interaction of cells is assumed not to influence cell behavior. For the capture and
accumulation of bacterial cells at these bulk solution concentrations and flow rates217, and
for S. aureus near an interactive surface that does not trap cells,191 such cell-cell interactions
were confirmed to be negligible.
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Figure 28 Flux for engaging cells of different bacterial strains, defined as the number of
cells having at least one engagement in the field of view. Data are based on the analysis of
30 s segments of video. Analysis of multiple sections (minimum of 3 per strain) of video
gave identical fluxes within error bars shown.
The Leveque treatment predicts a diffusion-limited cell accumulation rate (or maximum
flux of engaging non-motile cells) of approximately 305 ± 35 cells per min per mm2 This
estimate employed a free solution diffusion coefficient of approximately 4 ± 0.5 × 10-9
cm2/s for the cells, which were modeled as rods having a length of 2 ± 0.25 µm and a
diameter of 0.5 ± 0.1 µm218. (This estimate also neglects any near-wall shear effects on
the diffusion, which may be important for rod-shaped particles.) In Figure 28 this estimated
upper limit exceeds the flux observed for the non-motile No-Flagella and No-Motor strains
by a modest amount, as expected, since not all surface encounters might produce
engagements. Thus, the effective engagement efficiency is less than one. The two motile
strains exhibit a higher flux of engaging cells then is seen for passively diffusing cells.
Indeed, the diffusive flux of the Super Swimmers and Parent strains exceeds the estimated
diffusion-limited rate for cells of these size, an indication that cell motility or swimming,
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contributes to the numbers of cells dynamically engaging the surface. For the motile cells
the engagement process involves both swimming-enhanced transport to the surface and
hydrodynamic or reversible physicochemical binding. Important to note is that non-motile
populations within batches of the Super Swimmer and Parent cells are not distinguished in
the engagement fluxes of Figure 28. Non-motile fractions will encounter the surface
through diffusion and would likely contribute fluxes similar to those of the No-Flagella
and No-Motor strains. To the extent that the fluxes in Figure 28 contain some fraction of
non-motile cells, the reported fluxes in Figure 28 represent a lower limit for the behavior
of motile cells.
3.3.4 Number of Engagements per Cell
Distinct from the numbers of cells that reach the surface to dynamically engage, reversible
capture allows the same cell to engage the surface multiple times, as shown in the example
of Figure 27. The distribution of the numbers of engagements per cell is presented in Figure
29 for the different strains. The Super Swimming cells had higher numbers of repeat
surface engagements when compared with the other strains. While the other strains had
less than 10% of bacteria having 4 or more engagements 30% of the Super Swimmers had
more than 4 engagements. About 90% of Super Swimmers have multiple engagements
while for the other 3 strains approximately half of the bacteria had only one engagement.
While the exact statistics apply to the 260 µm-long field of view, the effective decay
function in the repeat engagements is conceptually similar to a correlation function.
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Figure 29. Number of engagements per cell within the 260 µm length of the viewing field.
25-35 bacteria per run were tracked for three runs with each strain. Error bars are standard
deviations.
It is expected that even cells of the non-motile strains (along with synthetic particles) will
have at a least a small number of repeat surface engagements. In order for the first surface
engagement to occur, a bacterium must diffuse from the faster moving bulk stream lines to
the slower moving near-surface streamlines where surface contact and engagement can
occur. A recently disengaged cell in the near surface streamlines may diffuse further from
the surface or it may re-engage. Even cells that have diffused some distance from the
surface have a finite probability of returning to the interface where they can re-engage. An
observed characteristic of diffusion-controlled repeat surface engagements is a decrease in
frequency of occurrence with the increased engagement numbers, as is seen for both the
No Flagella and the No Motor strains. The distribution for Parent Strain also shows this
characteristic but exhibits a more gradual decay. The Super Swimmers on the other hand
displayed very different behavior. Figure 29 demonstrates that once an engaged Super
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Swimmer cell disengaged the surface, there was a ~90% chance that it would return to the
surface at least once more within the observation distance of the flow cell. Indeed, cells of
both motile strains have a statically higher average number of surface encounters per cell
when compared to the diffusing strains.

Table 2. Average Numbers of Engagements per Cell, for Cells that Engage
Number of
Engagements in
Field of View

Expected
Engagements per cm

Distance between
Engagements (μm)

2.79

10.7

47.8

1.89

7.2

37.5

No Flagella

1.50

5.7

51.6

No Motor

1.58

6.0

40.6

Strain

Super
Swimmer
Parent Strain

*Error bars are not reported here, as the full distributions are appearing in Figure 29.
3.3.5 Engagement Length and Time
In addition to the influence of bacterial strain on the flux to the surface and the numbers of
engagements per cell, the strain also affects the character of the individual cell-surface
engagements.

The distribution of travel distances during individual cell-surface

engagements is strain-dependent, as shown in Figure 30. The residence time per
engagement, related to the travel distance, is also strain-dependent with Super Swimmers
and the No Flagella cells having statistically longer residence times than the other strains
and No Motor cells having the shortest residence time, in Figure 31. Average and median
values are summarized in Table 2. Evident and statistically significant in the data are that
longer (duration and distance) engagements of No Flagella and Super Swimmer cells
compared with those of the No Motor and Parent Strains. Standing out in Figure 30 is a
peak in the travel distances of the No-Flagella cells around 10-15 µm, and a more gradual
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decay of the travel distance during engagement by the Super Swimmer cells. These data
reflect substantial influence of flagella and, separately, motility, on the near-surface travel
of bacterial cells.

Figure 30. Distribution of Distance Per Engagement. 25-35 bacteria per run with 3 runs
per strain. Only full engagements are included.

Table 3. Statistics of lengths of engagements.
Strain

Super
Swimmer
Parent
Strain
No
Flagella
No Motor

Average
Engagement
Distance (μm)

Median
Engagement
Distance (μm)

Average Residence
Time per
Engagement (s)

Median Residence
time per
Engagement (s)

15.0

12.2

2.1

1.8

14.8

11.6

1.7

1.4

16.7

14.4

2

1.7

14.4

11.1

1.6

1.2

* Standard deviation is not provided, as the full distance distribution is presented in in
Figure 30 and the distribution of Residence Times per engagement is included in Figure
31.
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Figure 31. Residence Time per Engagement. Solid lines are the median value with dashed
lines for the mean values. Whiskers are for range of data minus outliers. *** indicates
p<0.01, ** indicates p<0.05

3.3.6 Average Engagement Velocity
Engaged cells moved more slowly than those in free solution, often exhibiting relatively
constant velocities with small variance, in the example of Figure 27. Figure 32 shows the
distribution cell velocities averaged during individual engagements, with one average
velocity determined for each engagement as indicated in the example of Figure 27 and
tallied for the different strains. Engagements with overall travel distances below 15 μm are
not included in Figure 32 due for the potential for averages to be skewed by the incoming
and exiting velocities for engagements of short run length. We generally observed no
correlation between engagement length and velocity, justifying this approach. The key
finding in Figure 32 is that average engagement velocity is much slower for the Super
Swimmer cells than any of the other strains. This slowing down of engaged Super
Swimming cells upon engagement is particularly dramatic because the same cells traveled
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more quickly, compared with the cells of other strains, in near surface streamlines, for
instance prior to and after engagement.

Figure 32. Average velocity per engagement for engagements longer than 15 µm. Median
lines are solid, and mean are dashed
3.3.7 Instantaneous Velocity
The distributions of instantaneous velocities, measured from point to point (every 0.2 s)
for cells having least one engagement, are summarized in Figure 33. The velocity
distributions include non-engaged movements of these cells while they are in the field of
view, providing additional perspective. Figure 33 shows distinctly slower velocities for
the Super Swimmers compared with the other strains, in parallel with the per-engagement
velocity in Figure 32 and a result of inclusion of the engaged cells. This is the opposite
trend in the motility assay of Figure 26 where Super Swimmers exhibit the greatest overall
travel velocity.
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Figure 33. Distribution of instantaneous cell velocities for cells having at least one surface
engagement. The main graph includes the full range of velocities (measured every 0.2s)
including those for free cell motion while the inset summarizes instantaneous velocities
during engagements.

3.3.8 Overall Residence Time
The overall surface residence time of cells engaging the surface in the 260 µm field of
observation, summing over the times of any multiple engagements, is shown in Figure 34.
This metric provides a measure of the times the cells spend in contact with the surface,
having an opportunity to sense an impenetrable barrier. A bacterium that was engaged with
the surface for the entire length of the observable flow cell would be have an overall
residence time of at least 29 seconds. Figure 34 shows that the Super Swimmer cells have
longer integrated contact times with the surface by a significant amount, for instance with
more than twice as much contact time per cell compared with the No Motor strain.
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Figure 34. Overall Residence time. Solid lines are the median value with dashed lines for
the mean values. Unless otherwise noted all data has p<0.01. Partial engagements (bacteria
leaves or enters the field of view while engaged) were included in this analysis.

3.4 Discussion
This chapter reports strain-dependent differences in the numbers of cells per unit time
reaching a biorepellant surface in shearing flow, the numbers of engagements events per
cell, and differences in the character of the dynamic engagements. In further discussion,
each engagement is conceived as a three-step process in Figure 35: the initial encounter,
the near surface progression, and finally the disengagement from the surface.
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Figure 35. Schematic of different stages of bacteria engagements. Initial encounters, near
surface travel and escape. Flagella bundling reflects the literature models of E. coli
swimming.

3.4.1 Initial Engagement
Before a bacterium can engage the surface, it must first travel from the fast-moving bulk
suspension to interfacial region where it may encounter the surface. Some cell-surface
encounters are too fast to measure on video while others result in quantifiably slowed cell
motion or “engagement”, a result of hydrodynamic attractions with the wall, viscous
interactions with the PEG brush, and /or reversible dynamic adhesion, for instance due to
hydrogen bonds. As only a fraction of cell-wall encounters produce engagements, the
engagement efficiency is typically unity or less. The maximum engagement flux, in which
all cells encountering a surface area in a given time produce adhesive engagement, is welldescribed for non-motile cells in Figure 28 by the Leveque treatment100 for diffusionlimited adhesion of a diffusing species. We have successfully employed the Leveque
treatment to describe the capture of flowing 1 μm spheres on adhesive surfaces,8,51,104–106,219
indicating that, even with a Peclet number of 1.1 as calculated in Chapter 2, 1 μm spheres
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travel by diffusion. Use of the same approach to describe slightly larger non-motile E. coli
cells appears adequate in Figure 28, employing an estimate for the diffusion coefficient of
a rod-shaped particle. Notably for the nonmotile strains, the approach of the engagement
flux to that estimated using the Leveque treatment suggests a relatively high capture
efficiency.

In Figure 28, the active approach of Super Swimmer cells to the interface produces an
engagement flux greater than that possible by diffusive transport. Since we cannot measure
short encounters or know the overall encounter frequency, we cannot quantify the
engagement efficiency of Super Swimmer cells. A greater number of swimming attempts
(encounters) will increase the engagement flux of the Super Swimmers; however, a greater
efficiency for successful engagement, will also increase the numbers of observed
engagements. The net effect is that highly motile cells not only reach the interface more
readily than non-motile cells, they engage the surface in greater numbers per unit area.

The apparent swimming of motile bacteria towards surfaces has been documented
previously in quiescent76,77 and flowing systems.83 Bacteria are observed at higher
concentrations near a chamber’s compared with the bulk solution. One possible mechanism
for this behavior, Rusconi, Guasto and Stocker report a cell-depleted region at the center
of a flow chamber (with maximum depletion at shear rates between 2.5 and 10 s-1 83), as
motile cells swim off-center towards the steeper velocity gradient. This is a separate
mechanism than seen in the quiescent conditions when a hydrodynamic dipole-dipole
interaction due to flagella motion produces a cell-wall attraction having a range on the
order of the cell size.76 The high engagement flux of Super Swimmer cells in the current
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study likely includes both of these mechanisms. New in the current study, a flux variable
rather than a static concentration is developed to quantify dynamic aspects of bacterial
approach and engagement with a surface.

Indeed, the shifting of a steady state

concentration gradient of bacteria towards steep velocity gradients, described by Rusconi
et al83 produced a maximum of a 15% increase in cell concentration near the wall, relative
the overall bulk solution value. Based on our shear rates and larger channel it is expected
that we would have a smaller effect. Dynamic aspects of the bacterial motion are therefore
key in explaining our findings, including almost a 3x greater Super Swimmer engagement
flux compared with than that of control cells.

Once in the near-surface regions,

hydrodynamic attractions of the swimming bacteria may increase cell-brush contact
increasing the engagement efficiency, for instance through more efficient hydrogen
bonding. Such physicochemical interactions, if they involve the bacterial body, are possible
for all four strains but may be enhanced in the Super Swimmers if these cells press into the
brush.
3.4.2 Near Surface Travel
Once engaged, a bacterium travels along the surface with a velocity and velocity variance
smaller than those of near-surface cells that move freely. The engagement velocity may be
reduced relative to the free velocity by reversible physicochemical bonds between the
bacteria and the PEG brush, for instance hydrogen bonding, by viscous drag at the brush
surface, or in the case of motile cells, by swimming opposite the direction of flow
(rheotaxis). The No Flagella cells likely experience intermittent tumbling or torpedo-like
motion involving viscous or physicochemical interactions between the cell body and the
PEG brush (not resolvable here at the low magnifications that facilitate tracking long
distances). The similar near-surface velocities (in Figure 32 and Figure 33) of the No
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Motor and Parent cells with the No Flagella cells suggest that during engagement, the
flagella contribute minimally to physicochemical or viscous interactions and, additionally,
that active swimming of the Parent strain has a negligible impact relative to the flow.
(Indeed the motility and SEM characterization in Figure 23 and Figure 26 suggest that cells
of the Parent Strain are weak swimmers and contain few flagella). Thus, even with the No
Motor and Parent strains, cell bodies might interact with the surface of the PEG brush
during engagement.

The Super Swimming bacteria on the other hand exhibit engagement velocities that are
significantly slower than the other strains, a behavior that is unanticipated in light of the
faster velocity of Super Swimmers away from a surface. There are two potential
mechanisms for the slow engagement velocity of Super Swimming cells. The first is that
swimming action and hydrodynamic dipole attractions push cells deeper into the PEG
brush (compared with non-swimmers) where Super Swimmer cells experience greater
viscous drag and physicochemical interactions with the brush. Indeed synthetic janus
spheres undergoing self diffusiophoresis in quiescent conditions are known to travel slower
in the presence of a wall and without flow.220,221 The second possibility is that Super
Swimmer cells are oriented by the shear field to swim against the flow. This upstream
movement, known as rheotaxis, has been shown in to be possible in both biological and
synthetic systems based solely on the physical mechanism caused by the hydrodynamic
torque on the bacterium or particle.61,84 At the shear rate studied we did not observe any
net bacterial travel opposing the flow direction but we did observe a modest fraction of
cells having velocity components perpendicular to the direction of flow.
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3.4.3 Escape Frequency and Duration of Engagement
An engaged bacterium will travel along the surface until a disengagement event, such as a
Brownian or flagella kick or a tumble that fails to bond, allows the cell to escape the
surface. No Flagella cells exhibit relatively long engagement residence times in Table 3
potentially because a Brownian fluctuation or a missed bonding opportunity are the
primary mechanisms for disbonding. (Compared with spheres which can readily roll along
the surface, the 1 x 3 µm rod shape of E. coli may increase the chances of missed bonding
during tumbling, through stabilization of surface-parallel orientations.99) By contrast No
Motor cells exhibit statistically shorter residence times of engagement, likely due to the
additional contribution of flagella to provide a steric kick that ends the engagement. Cells
of Parent Strain exhibit engagement times similar to those of the No Motor strains, perhaps
because the Parent Strain cells do not swim strongly enough overcome steric interactions
of their flagella. Indeed, the Parent Strain exhibits established run-and-tumble dynamics222
and so flagellar disengagement may kick these cells from the surface.

The Super Swimmer cells exhibit engagement times, in Table 3, that are statistically longer
than the No Motor and Parent Strains, suggesting that potential disengagement events occur
less frequently for these cells. Swimming may stabilize these cells near the surface,
reducing disengagement by tumbling. Additionally, steric kicks from the flagella, which
are bundled during swimming, occur less frequently or less effectively than with the No
Motor or Parent strains. Worth mentioning, the Super Swimmer strain has the potential to
unbundle its flagella and tumble, but tumbling may not occur as frequently or effectively
as with the Parent Strain. This may be because large numbers of flagella remained bundled
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and driving motion even when some flagella unbundle. We put this for the as a potential
explanation and not a conclusion of this work.

While the apparent net tendency of motile bacteria and synthetic swimmers to swim
towards walls is generally accepted, we know of no quantitation of swimming bacteria cells
leaving an interface. The current report of finite surface engagement time for individual
cells is therefore significant. Indeed, in descriptions of the swimming of bacteria towards
surfaces,76,185 there is no mention continued long time cell accumulation, suggesting that
bacteria do indeed have a finite residence time. The longer residence times, in the flow of
the current study against a minimally adhesive PEG surface therefore constitute an
important new finding.

The significance of the bacterial residence time is borne out in the distance cells travel
along a surface, with the engagement length being the product of the engagement time and
the average engagement velocity for each cell. Longer engagement times result in the
longer distances per encounter seen in the No Flagella strains in Figure 30 and Table 3.
The No Flagella bacteria remain engaged with the surface for an average of 16.7 µm or
about 3 end-over-end tumbles with over 18% of the bacteria having engagement lengths of
over 25 µm. By contrast the No Motor and Parent Strains exhibit shorter surface residence
or engagement times, likely a result of steric repulsions from pendant flagella. The shorter
engagement times correlate with shorter engagement distances for these two strains with
only 10.4% for the No Motor and 13.5% of the Parent Strain bacteria having engagements
longer then 25 µm.
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3.4.4 Repeat Engagements
Once a bacterium disengages from the surface the possibility exists for it to return to the
surface within the field of view. For diffusive strains this repetitive nature of engagements
is based on the statistics of the bacteria escaping the surface and remaining in the slower
moving streamlines. It is more likely to diffuse back into the surface when it is already in
the slower moving streamlines then when it is in the bulk. We see this behavior in Figure
29 for the No Flagella, No Motor and Parent Strains. The Super Swimmers are unique in
that this behavior is not seen. Instead we find that if a Super Swimmer has one engagement
it has about a 90% chance of returning to the surface for an additional engagement. This is
likely due to a combination of the initial mechanisms that bring the super swimmers to the
surface at a higher rate than the other strains in addition to the bacteria being already in the
intermediate streamlines. Long range hydrodynamic swimming attractions to the wall may
still have an effect in these intermediate streamlines which drive the bacteria to return to
the surface.
3.4.5 Overall Interactions and Significance
Both motility and morphology substantially influence the net interactions of Super
Swimmer and control cell lines with minimally adhesive PEG brush surfaces. As a result
of longer residence times per engagement and repeat engagements per cell with 90% of
Super swimmer cells experiencing multiple surface engagements, individual Super
Swimmer cells spend more than double the time in contact with the wall than do the other
strains, with some cells exhibiting contact times approaching 15 s in a distance of 260 µm.
Though they may not travel as far as the no-flagella cells along the surface, during their
slow near-surface travel, Super Swimmer cells experience to viscous or physicochemical
interactions at the PEG-coated wall that may include forces on flagella. The duration of
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this restriction, easily 10 seconds for each 260 µm length of surface, might ultimately
initiate mechanosensory pathways such as a flagellar dynomometer cascade associated
with early biofilm formation.223 While it is established that adherent cells experience forces
associated with mechanosensation, our findings of extended exposure of dynamically
adhered cells to the surface environment suggests that cells might be stimulated/triggered
on surfaces that are biopassivated, and travel to other sites to initiate infection.

3.5 Conclusions
Both the motility and the morphology of the bacteria play a significant role in the bacterialsurface interactions. Without flagella the No Flagella bacteria are able to approach the
surface and dynamically interact with the surface for longer distances than any other strain.
This is likely due to the lack of steric kicks from flagella interactions. On the other extreme
the Super Swimmers are able to use their motility to stay engaged with the surface for
longer periods of time. Their lower velocity however makes the overall distance traveled
per engagement less than that of the No Flagella bacteria. Swimming also allows bacteria
to actively transport to the surface increasing their number of interactions. Overall the
Super Swimmers spend the most time engaging with the surface.
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CHAPTER 4
SOFTER HYDROGEL SURFACES LEAD TO SHORTER
BACTERIAL-SURFACE ENGAGEMENTS
4.1 Introduction
The initial interactions that lead to the capture of bacteria on a surface are key to
understanding the formation of biofilms. The ability to tune these initial physical and
chemical interactions enables the rational design of bio-resistant surfaces. In addition to
the motility of the bacteria discussed previously it is extremely important to study the effect
of the surface. It has been shown previously that the mechanical properties of a surface can
be a critical component of bacterial-surface interations.191,224,225 In this work, we study
bacteria interactions with surfaces having different mechanical properties. Poly(ethylene
glycol) (PEG) based surface coatings are known to be protein resistant due to their
hydrophilicity, though their ability to hydrogen bond allows for some chemical interactions
with the bacteria, depending on bacterial dynamics relative to the kinetics of bond
formation.

Three PEG based surfaces: a poly-(L-lysine) (PLL)-PEG random graft co-polymer brush
adsorbed to a glass, a soft 10% PEG hydrogel (310 kPa) and a stiff 50% PEG hydrogel
(6500 kPa) are studied to probe how bacteria capture from flow is sensitive to the
mechanical and chemical interfacial properties of a collecting surface. The current the
commercial gold standard for resistance to biofouling, PEG, has been shown to be resistant
to protein adhesion through two different mechanisms. The first mechanism is steric
hindrance where the PEG chains form a steric barrier that prevents the protein from being
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able to encounter the surface.202 All three of the surfaces studies in this chapter provide a
steric boundary between a bacterium and the underlying glass substrate.

The second mechanism is a hydration layer where in addition to the steric hindrance, PEG
chains will swell and hydrogen bond with water when in an aqueous environment. This
creates an osmotic pressure gradient that prevents proteins and bacteria from encountering
the surface.203 The amount of water in each of the surfaces varies, since the stiffer gel only
contains approximately 50% water and the softer hydrogel contains 90% water, and when
fully swelled the brush contains roughly 94% water. While PEG is the commercial gold
standard, it is not perfect. Over long time scales bacteria and protein can adhere due to the
ability of PEG to hydrogen bond, and PEG will eventually break down in high salt
conditions like those found within the body.204
4.1.1 Biofilm Associated Infections
The adhesion and growth of bacteria on surfaces is a significant problem in many industries
including healthcare. The ability of bacteria to form biofilms on medical devices is a
pressing challenge in the medical field.226 Intravascular and urinary catheters are two of
the most commonly infected medical devices.180 One of the most widely used techniques
currently to prevent infections on these devices is the use of antibiotic eluting coatings.
Although this can successfully reduce the number of infections, it also leads to the faster
development of drug resistant bacteria.227 This project aims to study the fundamental
dynamic interactions between bacteria with different motility and morphological
characteristics and surfaces of different mechanical properties to probe the earliest stages
of interactions. This will ultimately lead to the design of more effective bio resistant
materials.
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4.1.2 Initial Bacteria Adhesion
Before a biofilm can begin to grow, the bacteria must adhere to a surface. The size scale of
a bacteria (0.5-5 µm) allows bacteria to be treated as living colloids and be described, at
least in part, (with some modifications) by the same theories that are used to describe
colloidal interactions.228 Bacterial-surface adhesion can be conceptualized into two steps.
The first physicochemical step of the bacteria adhesion is reversible, while the second step
is regarded as irreversible and time-dependent.228,229 Reversible bacterial adhesion is
driven by physicochemical interactions and can be modeled by classical colloidal DLVO
theory. Given sufficient time, the second step of irreversible adhesion is dominated by
specific binding interactions228,230

The two-step framework fails to account for the

observation that hydrophilic bacteria tend to adhere more to hydrophilic surfaces, while
hydrophobic bacteria exhibit a preference for adhering to hydrophobic surfaces.228
Thermodynamic approaches to model bacteria-surface interactions have been used to more
accurately model these interactions, and an extended DLVO theory has been proposed that
includes a term for hydrophilic/hydrophobic interations.231,232 Once surface engagement
occurs, extracellular organelles including, flagella and type IV pili are able to sense the
surface.233 Bacteria have been found to respond to many different properties of surfaces
including surface roughness, hydrophobicity, surface chemistry and mechanical
properties.224,234–241
4.1.3 Effects of Mechanical Proprieties on Bacteria-Surface Interactions
It has been previously shown that bacteria in static conditions are retained on surfaces
depending the stiffness of the underlying substrate beneath the hydrogel coating. For PEG
and Agar hydrogels, it has been reported that bacteria adhere less to thicker and softer
hydrogels.224,242 However this trend is reversed in the case of hydrophobic PDMS
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(polydimethylsiloxane) surfaces with more bacteria irreversibly retained on softer PDMS
surfaces.225,243 In this study we examined PEG based hydrogels and brush surface coatings.
This was done to compare the hydrogels to a model brush system and to study the influence
of the mechanical properties. A PEG based system was chosen instead of a potentially more
bio resistant zwitterion-based hydrogel system,244 because of the wide spread commercial
use of PEG and chemistry that allows us to compare the hydrogels with the previously
characterized brush system.

4.2 Material and Methods
4.2.1 Materials
All chemicals were used as received. Irgacure 2959 was obtained from BASF
(Ludwigshafen, Germany). 3-(trimethoxysilyl)propyl methacrylate and polyethylene
glycol dimethacrylate (PEGDMA Mn = 750 Da) were purchased from Sigma-Aldrich (St.
Louis, MO). Phosphate buffered saline with a Debye length of 1 nm and a pH of 7.4 (0.008
M Na2HPO4, 0.002 M KH2PO4 and 0.15 M NaCl) was used for all studies. PLL-PEG brush
surfaces were prepared as previously described in Section 3.2.1.2.
4.2.2 Methods
4.2.2.1 PEG Surfaces
The PEG brush surfaces described and used in Chapter 3 were employed as a control
surface in these studies. Polyethylene glycol dimethacrylate (PEG-DMA), hydrogels
(Figure 36) were prepared on microscope slides substrates to fit the flow cell system based
on established protocols.245,246 Briefly, PEGDMA precursor solutions were prepared at 10
and 50 vol% PEGDMA (MN 750) in PBS, and then degassed with nitrogen gas. 0.8 wt%
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Irgacure 2959 was added as a UV initiator. Precursor solutions were pipetted onto a 3(trimethoxysilyl)propyl methacrylate functionalized glass slide and sandwiched with a 24
´ 40 mm glass coverslip to ensure uniform thickness during curing. The coverslip also
helps limit oxygen exposure. Hydrogels were cured under UV light at 365 nm for 10 min
or until cured. Coverslips were then removed, and hydrogels were swelled in PBS with a
Debye length of 1 nm overnight. After swelling hydrogels were cut to fit the flow chamber
using a sterile razor blade.

Figure 36. Schematic of PEG-DMA Hydrogel Structure. Each PEG-DMA monomer is
able to react with 4 other monomers forming a hydrogel structure. For the system studied
n =12-14. Figure modified from Bä chströ m et al247

4.2.2.2 E. coli Strains
The E. coli strains described in Chapter 3 were also studied here. Briefly, E. coli BW25113,
E. coli JW1881 and E. coli JW1879 were purchased from the Coli Genetic Stock Center
(New Haven, CT). E. coli BW25113 (Parent Strain) is the parent stain of the Keio
collection. E. coli JW1881 (No Flagella) is a modified strain with a genetic knockout of
the flhD gene which is critical for the growth of flagella.200 E. coli JW1879 is contains a
genetic knockout of the motA gene that is necessary for proton-conducting in the flagella
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motor, yet does not affect flagella synthesis.201 A plasmid to upregulate the flagella growth
was cloned into the isogenic mutant strains. In the No Flagella strain this plasmid restores
and upregulates the motility of the bacteria, producing a Super Swimmer strain. By cloning
the same plasmid into the motor mutant strain, flagella growth was upregulated without
restoring motility. This strain called the “No Motor” strain has a similar number of flagella
as the Super Swimmers, but lacked the ability to swim.

Bacteria were grown and washed using the same methods described in Chapter 3. Briefly
bacteria were grown in overnight at 37°C in Luria- Bertani broth (LB) with antibiotics as
required: no antibiotics for the Parent Strain, 50 µg/mL kanamycin for the No Flagella
strain, or 50 µg/mL kanamycin and 100µg/mL carbenicillin for the Super Swimmer and
No Motor strains. After overnight growth, liquid cultures were restarted using 200 µL of
overnight culture in 5 mL of LB and same antibiotics. Additionally, in the restarted cultures
50 µL of 20% wt/vol arabinose solution was added to the Super Swimmer and No Motor
Strains to induce the flhDC plasmid. These cultures were grown for 4 hours and harvested
in the log growth phase. Bacteria cultures were then washed 3 times (centrifuged at 3500
rpm for 2 min) in pH 7.4 Phosphate Buffer Saline (PBS) (0.008 M Na2HPO4, 0.002 M
KH2PO4, and 0.15 M NaCl) and resuspended in the same buffer at a concentration of
approximately 1x108 cells/mL. This concentration is below that were bacteria-bacteria
interactions were found relevant at surfaces.210 The concentration was determined using
OD600 measurements.
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4.2.2.3 E. coli - Surface Interaction Studies
Flow cell studies were conducted in the same laterally mounted flow chamber described in
Section 3.2.2.5. Interactions between flowing bacteria and PEG surface coatings were
conducted in a custom-built flow cell system in which the test surface comprised of one
wall of the flow chamber. The microscope was oriented horizontally on an optical bench
to view the test surface which was oriented perpendicular to the floor, to prevent gravity
from affecting cell-surface interactions. The objective used for these studies was a Nikon
Plan Fluor 20x objective with a numerical aperture of 0.5. This gave a depth of field of
approximately 3.5 µm. Bacteria were flowed across the surface at a shear rate of 15 s-1 for
approximately 10 minutes. The shear rate was held constant for all studies with the pump
settings being adjusted to account for the thickness of the hydrogel. Data were recorded, at
30 fps on DVDs and analyzed at a rate of 5 fps using FFmpeg software. Manual tracking
was done using FIJI is just ImageJ.
4.2.2.4 Cell Tracking and Engagement Analysis
Here, as in Chapter 3 we quantified dynamic adhesion in terms of dynamic cell
engagements. We employed the same quantitative criteria as before that a cell must travel
at a velocity of under 9.3 µm/s for a distance of at least 5 µm. 30 engaging cells were
tracked in each 10 min run. On each surface three runs were completed with each bacteria
strain. This method of tracking was identical to that employed in Chapter 3. Tracking cells
on hydrogels was, however, more difficult than on brushes due to the requirement that the
microscope be focused through the 100 µm thick hydrogel. The bubbles and defects in the
body of the hydrogel made focusing more difficult. There was also a lot more background
defects that made obtaining flux measurements not possible. While exact quantification
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and confirmation was not possible, due to features in the hydrogel on the same order of
magnitude as the bacteria the hydrogels, did not appear to permanently arrest bacteria.

4.3 Results and Discussion
4.3.1 PEG Coating Characterization
The material properties of the PEG surfaces used in this study are shown in Table 4. The
PEG and hydrogel coatings used in this study were characterizations previously by Kolewe
et al.191
Table 4. Properties of PEG based surfaces used in this study. Table adapted from Kolewe,
et al.191

Name

PEG
Content
(wt%)

G’
(kPa)

Mesh Size
(nm)

Thickness

Fibrinogen
Adsorption
(mg/m2)

PLL-PEG Brush

6

450

2.9 ± 0.2

15-17 nm

< 0.01

Stiff Hydrogel

46 ± 1

1300

1.0 ± 0.1

105 ± 5 µm

< 0.01

Soft Hydrogel

8.6 ± 2

9.5

2.7 ± 0.1

110 ± 5 µm

< 0.01

4.3.2 Number of Engagements
One easily quantified metric of bacteria-surface interactions was the number of
engagements that each tracked bacteria, having at least one engagement, experiences over
the course of the 260 μm field of view. This metric considers repeat surface encounters,
when a bacterium has a second surface encounter after disengaging from the surface.
Figure 37 compares the number of engagements per cell in the 260 μm field of view for
cells which had at least one engagement. The average total number of surface engagements
per cell within the field of view is shown in Table 5.
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Figure 37. Number of Engagements for each bacterium on various surfaces, for cells
having at least one engagement

Table 5. Average number of surface engagements per cell in the 260 μm field of view.
Brush

Stiff Hydrogel

Soft Hydrogel

Super Swimmers

2.8

3.0

1.6

Parent Strain

1.9

2.0

1.7

No Flagella

1.5

1.9

1.4

No Motors

1.6

1.8

1.6

The Super Swimmers exhibited interesting near-surface dynamics in flow, that were
qualitatively different from the behaviors of the other cells and highly statistically
significant. On both the brush and the stiff hydrogel the Super Swimmer cells (<85%) that
engaged the surface returned to the surface for at least one additional engagement. Often
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engaging Super Swimmer cells returned to the surface for two or three additional
engagements within the 260 μm field of view. The tendency for Super Swimmer Cells to
return to the surface was not observed on the soft hydrogel surfaces. Indeed, the Super
Swimmer cells had the same increasingly small tendency to return to the soft hydrogel as
the other strains, shown in Figure 38.

Figure 38. Number of Engagements per cell in the 260 μm field of view, for different
bacterial strains with the surface of a soft hydrogel.

4.3.3 Engagement Velocity
Engaged bacterial cells were observed to travel along the surface at relatively constant
velocities (when compared to the velocity of bacteria in the bulk). The particular PEG
surface, hydrogels or brush, had only a modest impact on the velocity of engaged bacteria
for the Parent Strain, No Motor and No Flagella strains. Differences between the travel
velocities of engaged non-motile cells likely arose from variations in the hydrodynamic
cell size, the ability of cells to approach the surface and occupy slow-moving streamlines,
viscous drag from cells closest to the PEG coatings, and reversible physicochemical bonds
between cells and coating molecules. These factors appear to have a similar impact on the
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No Flagella, Parent Strain, and No Motor cells. Compared with cells of the other strains,
Super Swimmers exhibited slower engagement velocities, (though all were positive.) All
Super Swimmer cells traveled in the direction of the flow. For the Super Swimmers
however the brush surfaces produced a significantly lower engagement velocity than both
of the hydrogels. The lower velocity is likely due to swimming bringing the bacteria closer
to the surface. At the shear rates studied we do not observe bacteria traveling upstream;
however, the bacteria may still be swimming against the flow, just not strongly enough to
overcome the velocity of the fluid. The ability of the bacteria to exhibit this behavior may
be limited on the hydrogel surfaces.

Figure 39. Engagement velocity distributions for each bacterium on the different surfaces.
Includes all engagements used in other measures including short engagements. All
differences between surfaces for a given bacteria, are not significant unless marked. ***
indicates p<0.01, ** indicates p<0.05 and * indicates p<0.1 Solid lines represent median
values and dashed lines represent averages.

4.3.4 Length and Duration of Individual Engagements
Engaged cells travel along the surface for some time, before they disengage. Each cell
therefore is in contact with a particular length or distance of surface during its engagement
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and further, there is a surface residence time, albeit dynamic, associated with each
engagement. The distribution of travel distances per individual cell engagements for each
strain is shown in Figure 40. The average distance traveled and residence time per
engagement for each strain is summarized in Table 6.

Figure 40. Distance Per Engagement distributions for each type of bacteria-surface
interactions

Table 6. Average distance and residence time per engagement for bacteria on each surface.
Brush

Stiff Hydrogel

Soft Hydrogel

Distance
(µm)

Residence
Time (s)

Distance
(µm)

Residence
Time (s)

Distance
(µm)

Residence
Time (s)

Super Swimmers

15.0

2.05

19.0

2.30

12.7

1.62

Parent Strain

14.8

1.71

13.8

1.66

11.6

1.36

No Flagella

16.7

2.02

18.9

2.19

11.1

1.38

No Motors

14.4

1.59

11.6

1.38

9.7

1.12

*Error is not given due to full distributions being showed in Figure 40 and Figure 41
It was found that, for all strains, the distribution of engagement distances of cells on the
stiff hydrogels were similar to those on the brush surfaces, however there are slight
statistical differences between these two surfaces. For both the Super Swimmers and the
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No Flagella bacteria the engagements with the stiff hydrogel surface are of statistically
greater duration than on the brush. This could be due to the greater G’ of the stiff hydrogel
than the brush surface. Additionally, it could be due to interactions with unreacted
methacrylate groups present on the surface of the hydrogel, though the hydrogels did not
adsorb fibrinogen from solution, which suggests that these groups were not accessible to
bacteria in solution. This trend however is reversed for the Parent Strain and the No Motor
strain with the shorter durations of engagements on the stiff hydrogel then the brush. This
result suggests that the flagella interactions that cause a steric kick from the surface are
increased on the stiff hydrogel surface as these steric kicks are not present with the No
Flagella strain and are not believed to be the main disengagement mechanism for the Super
Swimming strain. The steric kicks come from the flagella on the bacteria, not the surface,
but may be more effective on some surfaces compared to others.

Additionally, similar comparisons can be made for the residence time per engagement. For
many cells in a run on a given surface, and for three runs with each surface, distributions
engagement residence times are shown in Figure 41. Similar to the travel distance of
engagement the Super Swimmers and the No Flagella exhibit a greater residence time per
engagement on the stiff hydrogel compared to the brush and soft hydrogel while the No
Motor and Parent Strain show a shorter residence time per engagement on the stiff hydrogel
compared to the brush but a longer time compared to the soft hydrogel. The soft hydrogel
has the shortest residence times per engagement for all the strains.
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Figure 41. Residence Time per engagement for individual cells. All differences between
materials are *** (p<0.01) unless noted. Solid line represents the average residence time
per engagement. Dashed line indicates the median residence time per engagement.
The measures of distance and residence time per engagement are very closely related. For
both of these measures the soft hydrogel surface significantly reduces the differences
between strains. A comparison of the engagement lengths and residence times strains on
the soft hydrogel (seen in Figure 42 and Figure 43) shows very similar lengths (in distance
and time) for all the strains with the No Motors having a statistically shorter travel distance
and time then all the other strains which are statistically the same.
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Figure 42. Distance per Engagement for all strains on the soft hydrogel surface

Figure 43. Residence time per engagement for all bacteria on the soft hydrogel surface.
There are no statistical differences between the Super Swimmers, Parent Strain and No
Flagella strains. The No Motors are different than the other 3 strains. *** indicated p<0.01
Overall the differences in residence time and, ultimately the travel distance, are due to
differences in the frequencies of events that produce escape. In order for an escape event
to occur and to end the engagement, some sort of random event must occur to trigger an
escape event. Individual cells from all of the bacteria strains can have a Brownian kick that
either breaks a physical bond or displaces the cell from the region nearest the surface. The
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bacteria having flagella (whether motile or not) can also have a steric kick involving one
of its flagella and, finally, the Super Swimmers can also have a flagella repulsion that is
triggered by the unbundling of the flagella or a fluctuation in bacterial orientation that
allows the flagella bunding to interact repulsively with the coating. All of these
mechanisms are possibly increased on the soft hydrogel surface due to differences in
mechanical interactions between the flagella and the softer substrate. Due to the shorter
engagement distances and residence times for all the strains on the soft hydrogel, it may be
the case that the soft hydrogel produces weaker dynamic bonds with the bacterial cells.
This might increase the effectiveness of Brownian fluctuations or steric events to end a
cell-surface engagement.
4.3.5 Overall Residence Time
The overall residence time is shown in Figure 44. This quantity is the total time that a cell
was in dynamic contact with the surface while in the 260 µm window of observation and
is the sum of the residence times for all the engagements of that cell while it was visible.
Figure 10 shows that for all four strains, cells have the shortest overall residence times on
the soft hydrogel surfaces compared with the brush or stiff hydrogel surface. For the Parent
Strain and the No Motor strains there is no difference in the overall residence times
observed on the stiff hydrogel and the brush. The Super Swimmers and the No Flagella
strains however have a longer overall residence time on the stiff hydrogel compared with
that on the brush.
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Figure 44. Overall residence time within the 260 µm field of view for individual bacteria
cells. Solid lines represent the mean of the distributions and the dashed lines represent the
median. For each bacteria and surface combination 3 runs of 30 cells per run are tracked.
All are p<0.01 unless indicated.
Similar to the other metrics studied, in terms of the overall residence time the soft hydrogel
surface significantly reduces the differences between strains. This is highlighted in Figure
45. The only statically significant difference in the strains on the soft hydrogel surface is
between the Super Swimmers and the No Motor strains. On the brush surface (Figure 34)
there were statistical differences between all sets of strains except the Parent Strain and No
Flagella strain.
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Figure 45. Overall residence time distributions within the 260 µm field of view for
individual bacteria cells on the soft hydrogel. Solid lines represent the mean and the dashed
lines represent the median. The only significant difference is between the Super Swimmers
and the No Motor Strains. *** indicates p< 0.01

4.4 Conclusions
The interactions between the bacteria and the surface in the presence of flow depend on the
motility and morphology of the bacteria and on the physical and chemical properties of the
surface. Overall the body of the bacterium will stay engaged to the surface until it
undergoes some sort of critical fluctuation caused by a steric or diffusive kick. These kicks
are often caused by the presence of flagella, when they either create a steric boundary that
prevents the body of the bacterium from remaining engaged with the surface or when they
unbundle. When a bacterium is actively swimming the hydrodynamic forces keep it near
the surface. The study in this chapter showed that the surface also plays a role in these
interactions. On the brush and stiff hydrogel surfaces the differences in bacteria strains are
significant and overall longer both in time and distance than on the soft hydrogel surface.
On the soft hydrogel surfaces the effect of the motility and the morphology of the bacteria
is significantly reduced with all of the strains having fewer and shorter interactions.

118

CHAPTER 5
ROD SHAPED MICROPARTICLES DELIVER MORE
MATERIAL TO SURFACE THAN SPHERICAL
MICROPARTICLES
The work in this chapter was done in collaboration with Aiste Balciunaite. She synthesized
the silica spheres and 2 of the 4 rod samples and ran the majority of the flow cell runs. Both
of us assisted with data analysis and intellectual contributions were shared.

5.1 Introduction
5.1.1 Why study rods?
The behavior of particles in flow is a topic of key interest within the medical field, relevant
to questions spanning from how best to prevent bacteria adhering in small tubes such as
catheters to targeting drug delivery. Chapter 3 focused exclusively on spherical particles.
In practice, though, many particles (including the E. coli studied in Chapter 4 and 5) both
in biological and industrial systems are not spherical. Recent literature has suggested that
particle shape is an exploitable factor in the design of particles for drug delivery.248,249 The
motion of non-spherical particles in flow can be significantly more complex than spherical
particles due to tumbling behaviors. These behaviors could potentially be used in
controlling the distribution of drug carrying particles within the body.90 Carrier shape has
also been shown to affect the ability of a particle to be internalized into cells.250 These
shape effects have led to an increase in different shaped particles being studied for drug
delivery applications.94,251,252
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In addition to drug delivery applications, there are situations where it is necessary to
understand the transport behavior of non-spherical colloids. In water filtration many
contaminants are non-spherical in shape. These contaminants such as bacteria cells,
polymers or clay aggregates, and fiber fragments such as asbestos are often modeled as
spheres of an effective hydrodynamic size, though these models have been found
ineffective for describing the behaviors, such as the transport and capture of these types of
particles.253–256
5.1.2 Rods in Drug Delivery Applications
Two significant challenges of drug delivery are avoiding degradation of the drug molecules
within the body and the selective delivery of a drug to target cells. Encasing drugs in
microparticle carriers has been shown to be a potential solution to these problems,257 and
additionally makes it possible to deliver hydrophobic drugs.258 Rod shaped particle carriers
have been shown to have advantages over spherical microcarriers. For instance, elongated
rod-shaped particles are less likely to trigger an immune system response, leading to a
higher proportion of the drug being able to reach the targeted cells instead of being cleared
from the bloodstream.94,259

Additionally, the two different length scales on rod or ellipsoid particles, one short and one
long, allow non-spherical particles to better diffuse through small spaces, such as pores
between cells.259 This feature has led to recent studies that suggest that non-spherical
particles have different biodistribution behavior than spherical particles.96,259,260 These
behavioral differences could be used when designing a delivery package to target a specific
cell type, which could greatly increase the efficacy of a drug.
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Overall the largest advantage of non-spherical particles is expected to be their adhesion as
compared to spherical particles. Oblate spheroids (M&M shaped particles) of the same
volume as a sphere are predicted to adhere more strongly to a surface, allowing for delivery
of a larger volume of drug.261 Multiple studies have predicted that non-spherical particles
such as rods and disks adhere to a surface from blood flow at a higher rate than spheres.86–
88,261

One of the greatest challenges in the design of non-spherical particles for drug delivery
applications is the lack of systematic research showing the differences between spherical
and rod-shaped particles in flow. Due to their complex flow behaviors rods pose a potential
risk for use that must be further studied. For example Doshi et al. showed the behavior of
rod-shaped particles in microvasculature with bifurcation and found that at the point of
bifurcation rod shaped particles were more likely than spherical particles to both stick to
the wall and each other, which could be harmful in microvascular networks.97

In addition to the flow behavior of the microparticles it is important to consider the strength
of adhesion when designing potential drug carriers. A certain amount of time may be
necessary for the drug to be able to diffuse out of the drug carrier into the desired target or
to be engulfed by a cell. For different drugs, longer or short adhesion times could be
advantageous, which could be fine-tuned based on the shape of the drug carrier and the
purpose of the drug. Decuzzi and Ferrari,261 showed that for a given ellipsoidal aspect ratio
there is an optimal particle volume for adhesive strength. Additionally, they predict that a
oblate spheroid with an aspect ratio of 2 and the same probability of adhesion as a 500 nm
sphere would have about 50 times the particle volume.261 The use of a drug carrier with a
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larger volume results in the delivery of a larger quantity of drugs, another potential
advantage to the use of non-spherical particles as drug carriers.

Current research has mainly focused on the behavior of spherical particles in flow. Due to
their symmetric nature they are much easier to model. It has been found that the diameter
of spherical particles has an effect on their adhesion, with smaller particles adhering to a
surface via receptor -ligand mediated adhesion, more effectively than larger particles in the
presence of high shear rates. This particle size effect is diminished at lower shear rates.
Additionally, it was found that once adhered, larger particles require a lower shear rate to
dislodge from the surface.262 On surfaces with low adhesive properties, spherical particles
may roll on the surface, or more particles escape than permanently adhere to the surface.49
No similar conclusions exist for synthetic rod-shaped particles, (rod shaped E. coli have
shown rolling behavior caused by shear-activated FimH catch-bonds263) and the studies
that have been conducted are varied and inconsistent with their experimental conditions,
making direct comparison impossible.

5.2 Materials and Methods
5.2.1 Materials
All materials were used as purchased. 1-pentanol, polyvinylpyrrolidone (PVP) (MW
40,000), Sodium Citrate dihydrate and tetra-ethyl orthosilicate (TEOS) were purchased
from Sigma Aldrich. Ammonia Solution 25% in Water was purchased from EMD
Millipore. 200 proof ethanol was purchased from Fisher Scientific. Poly-L-lysine
hydrobromide (PLL), having nominal molecular weight of 15,000 -30,000 g/mol, was
purchased from Sigma Aldrich, Phosphate buffer with a pH of 7.4 (0.008 M Na2HPO4 and
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0.002 M KH2PO4), having a Debye length of k-1 = 2 nm was employed in most studies
unless otherwise noted. Variations in ionic strength, having different Debye lengths, were
achieved either by diluting this buffer with deionized (DI) water or by adding buffer salts
at the same ratio of Na2HPO4 and KH2PO4.
5.2.2 Particle Synthesis
5.2.2.1 Synthesis of Silica Rods
Rod shaped silica particles were synthesized using the methods described by Kuijk et
al264,265. The approach has been used by additional groups to produce size and aspect ratio
controlled rod-shaped silica particles.266–272 Briefly, water, ethanol, and ammonia were
added to a solution of (PVP) in 1-pentanol. Recipes for each rod sample are given in Table
7. Particle names (MKS1, MKS2, AB6 and AB4) correspond to who completed the
synthesis (MKS: Molly Shave, AB: Aiste Balciunaite) and order of particle synthesis and
don’t correspond to particle characterization or size. Sodium citrate was then added which
forms emulsion droplets in the solution. When tetra-ethyl orthosilicate (TEOS) was then
added to the solution silica rods grow from the droplets. Additional TEOS additions
increase the length of the rods while having little to no effect on the diameter. After initial
synthesis particles were centrifuged at 1500g for 1 hr to remove particles from reaction
solution. Particles were then dispersed in ethanol using vortexing and sonication. 2
additional washes, centrifuging at 1500g for 15 min, were done dispersing in ethanol
followed by 3 washes in DI Water and finally in DI water. After these high-speed washes,
additional washes were performed at lower speeds to reduced polydispersity. 700g for
15min was used as a starting point for these washes. The speed was then lowered every 1-
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2 washes as long as a distinct pellet formed. Polydispersity was checked during this process
by SEM, an example of this washing progress is shown in Figure 46.

Shell
Synthesis

Core Synthesis

Table 7. Details of Rod Synthesis
Sample Name

MKS1

MKS2

AB6

AB4

Final Aspect Ratio
1- Pentanol (mL)
PVP (g)
Ethanol (mL)
Ammonia (mL)
DI Water (mL)
0.18 M Sodium Citrate
Solution (mL)
TEOS (mL) (per addition)
Number of TEOS Additions
Number of Washes
Ethanol (mL)
Ammonia (mL)
Water
TEOS (mL)
Number of TEOS Additions
Number of Washes

1.35

1.63

2.48

3.17

750
75
75
20.1
21

750
75
75
20.1
21

250
25
25
6.7
7

250
25
25
6.7
7

5

5

1.2

1.2

7.5
1
9
100
12
10
1
2
30

7.5
3
9
100
12
10
1
4
35

2.5
1
10
125
15
12.5
0.25
1
20

3
2
13
200
24
20
1
1
40

Figure 46. Rods with final (after shell) aspect ratio of 3.17 at different stages of core
cleaning process. Washes were continued to remove small particles prior to core synthesis

After core washing, shells of Stöber silica were then grown on the outsides of the rods to
control the surface chemistry and eliminate the porosity caused by the presence of PVP in
the rods273. Briefly, cores were dispersed in ethanol and placed on stir plate. Ammonia
solution and water were added to solution. TEOS was added to solution while stirring, for
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a thicker Stöber silica layer additional TEOS was added after a period of at least 2 hrs. The
same washing process was followed after the shell synthesis to remove small particles and
improve polydispersity.
5.2.2.2 Synthesis of Silica Spheres
Spheres were synthesized using a modified Stöber method. Briefly, ethanol, water and
ammonia were mixed and placed on a stir plate. TEOS was then added while stirring. For
larger particles additional aliquots of TEOS and DI water were added. Details are shown
in Table 8. Particles were then washed by centrifuging at 700 g for 15 min, dispersing in
ethanol 3 times, followed by 3 washes in DI Water and 3 washes in pH 4 Phosphate Buffer
with a Debye length of 4 nm (0.0018 M Na2HPO4, 0.00046 M KH2PO4). Spheres are named
by their particle diameter.

TEOS
Additions

Initial
Synthesis

Table 8. Recipes for silica spheres
Particle Diameter (nm)
Ethanol (mL)
Ammonia (mL)
DI Water (mL)

565
147.6
22.8
18.4

720
147.6
22.8
18.4

965
147.6
22.8
18.4

Initial TEOS (mL)

11.2

11.2

11.2

Number of TEOS Additions

0

1

4

TEOS Per addition (mL)

N/A

11.2

11.2

DI Water per TEOS Addition (mL)

N/A

1.8

1.8

5.2.3 Particle Characterization
Prior to study in the flow cell both the rod and spherical particles were characterized to
determine size and surface characteristics of the samples. Scanning Electron Microscopy
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(SEM) (FEI Magellan 400 XHR-SEM) and Dynamic Light Scattering (DLS) (Malvern
Zetasizer nano) were employed for size analysis and Zeta potential to confirm that surface
chemistry is similar to most silica spheres.
5.2.3.1 Rod Imaging and Sizing
Samples of rod and sphere –shaped particles were suspended in DI water and the solution
was dropped on to cut silicon wafers at approximately 50°C and allowed to dry creating a
monolayer of particles. The concentration of particles was adjusted based on sample but
always less than 500 ppm. If samples were too concentrated to produce a monolayer of
particles, they were further diluted. The dried samples were mounted on to SEM stubs and
sputter coated (Sputter Coater) in gold for 200 seconds prior to imaging with FEI Magellan
400 XHR-SEM.

Rod particle dimensions were determined by analysis of SEM Micrographs using FIJI is
Just ImageJ software. Only images in which rods lie flat on the wafer surface were included
quantified. All particles within a given image were measured unless particles in portions
of images were clearly stacked or standing upright.
5.2.3.2 DLS/Zeta Potential
Particles were dispersed in phosphate buffer (0.008 M Na2HPO4, 0.002 M KH2PO4) at
concentrations of approximately 100ppm. Concentration was varied for optimal light
scattering in instrument. Samples were tested using a Malvern Zetasizer Nano at 25°C.
5.2.4 Surface Adhesion Experiments
Particle capture was studied using the same flow cell system previously described in
Chapter 2. In order to functionalize the surfaces for testing glass slides (Fishers Finest)
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were etched overnight concentrated sulfuric acid. This treatment has been shown to
produce a pure silica surface.163 Slides were functionalized by flowing a 100 ppm PLL
solution in pH 7.4 phosphate buffer (0.008 M Na2HPO4 and 0.002 M KH2PO4) over the
glass surface at a shear rate of 5 s-1 for 10 minutes followed by 10 minutes of buffer. The
flow cell was not opened or exposed to air between adsorption of the PLL and particles on
the surface. The functionalization of the surface was done with a peristaltic pump while
adhesion studies were done using a syringe pump. Process flow diagrams of the flow cell
set ups are shown in Figure 47. The entry line before the flow cell was changed for each
sample to ensure that only the particle sample of interest was present in the flow cell. For
each run, first the surface was functionalized with PLL. Then, after the PLL was fully
rinsed from the surface, a particle solution was introduced at a shear rate of 22s-1 for
approximately 10 min. Particle interactions were recorded on DVDs using optical
microscopy.

Figure 47. Process Flow Diagrams of systems used in this study. The Syringe pump driven
flow was used during the adhesion studies and the peristaltic pump set up is used for the
functionalization the chamber and the washing after runs.

The majority of the studies employed a 20x phase contrast objective. In some cases (mainly
with the largest particles) a 10x phase contrast objective was used due to the slower
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accumulation rate of particles, warranting a larger field of view to collect relevant statistics.
Additionally, orientation studies employed a Nikon Plan Flour 40x objective, capturing
photos of adhered particles after the completion of the run. The field of view for the, 10x
objective is (480 µm by 340 µm), 20x is (260 µm by 177 µm) and 40x objective is (120
µm by 90 µm). Video data of particle adhesion was fist exported into stacks of TIFF files
using FFmpeg software. These image stacks were analyzed using manual tracking in FIJI
is just ImageJ. Orientation was determined by measuring the angle of particles adhered on
surface after rinsing.

5.3 Results and Discussion
5.3.1 Particle Characterization
Particle characterization established which samples fell within acceptable limits of
polydispersity and surface chemistry for use in particle capture experiments. In addition to
the four rod samples summarized in Table 9, 2 additional rod samples were synthesized
and determined to be too polydisperse for current study, and a third longer rod sample was
saved for potential future work on the near surface orientation behavior of large rods.
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Table 9. Characterization of Rod and Spherical Particles.
Aspect
Ratio

Diameter by
SEM
(nm)

Length by
SEM
(nm)

Hydrodynamic
Diameter by
DLS (nm)

Zeta
Potential
(mV)
-56.1 ±
2.4
-55.9 ±
1.8

MKS1

1.35 ± 0.09

755 ± 55

1023 ± 40

799 ± 15

MKS2

1.63 ± 0.19

836 ± 70

1364 ± 200

972 ± 60*

AB6

2.48 ± 0.25

555 ± 81

1362 ± 117

490 ± 2.2*

--

AB4

3.17 ± 0.32

836 ± 125

2639 ± 345

854.5 ± 106*

--

565

Sphere

565 ± 17

--

-64.9 ± 3

720

Sphere

720 ± 32

--

-72.9 ± 4

965

Sphere

965 ± 40

--

--

* next to value indicates that results did not meet instrument quality criteria.
5.3.1.1 Particle SEM and Sizing
Figure 48A shows example SEM micrographs from the 4 samples of rod-shaped particles.
Their dimensions and aspect ratios are summarized in Table 9. Sizing statistics for these
rod samples is seen in Figure 48B. Additionally 3 samples of Stöber silica spheres of varied
diameter were also synthesized to employ as control. The SEM and size distributions of
these samples and the control GelTech particles studied in Chapter 2 are shown in Figure
49 and included in Table 9.
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Figure 48. Rod SEM and Sizing. A) SEM of each particle sample, B) Plot of particle size
vs aspect ratio. Colors on graph correspond with colors of text on SEM labels
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Figure 49. SEM and size characterization of silica spheres. All particles are imaged at
same size scale.

5.3.1.2 Dynamic Light Scattering and Zeta Potential
Due to instrument limitations, zeta potential measurements could be completed on only the
two rod samples with the smallest aspect ratio. Sizing and zeta potential (both done in
phosphate buffer having a Debye length of 2nm) data for rod samples used in flow cell
studies can be found in Table 9.
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5.3.1.3 Particle Diffusion Coefficients
Due to the instrument imprecision in determining the hydrodynamic diameter and diffusion
coefficient of the rod-shaped particles we used two models developed by Ortega and Garcia
de la Torre.218 The model for rod shaped particles with aspect ratios between 2 and 20 is
shown in Equation 5.1 and 5.2
1 𝑘𝑇(ln 𝑝 + 𝐶t )
3
𝜋𝜂F 𝐿

𝐷t =

𝐶t = 0.312 +

0.565 0.100
− <
𝑝
𝑝

(5.1)218
(5.2)218

Where 𝐷t is the translational, diffusion coefficient, p is the aspect ratio, L is the particle
length, 𝜂F is the solvent viscosity and 𝐶t is an aspect ratio constant described in Equation
5.2, because of the mathematical approximations used in deriving this model it is accurate
within the limits of aspect ratio 2-20. Ortega and Garcia de la Torre218 also use a friction
coefficient model, in Equation 5.3, that applies for aspect ratios greater than 0.1 (aspect
ratios below 1 are disk shaped particles).
𝑘𝑇
(5.3)218
𝑓
Where f the translational friction coefficient derived from Equations 5.4 and 5.5.
𝐷t =

𝑓
= 1.009 + 1.395 × 10?< ln 𝑝 + 7.88 × 10?< (ln 𝑝)< + 6.040 × 10?d (ln 𝑝)d
𝑓F
c

(5.4)218

3 < ed
(5.5)218
𝑓F = 6𝜋𝜂F 𝐿 J 𝑝 M
16
Using these two methods of calculations on the rod samples studied the calculated diffusion
coefficients are seen in Table 10.
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Table 10. Diffusion Coefficients as calculated by Calculation 1 (Equations 5.1 and 5.2)
and Calculation 2 (Equations 5.3-5.5).
Calculation 1

Diffusion
coefficient
(m2/s)

Hydrodynamic
diameter (nm)

1046

4.40 E-13

976

3.49 E-13

1229

3.68 E-13

1167

555

4.49 E-13

967

4.60 E-13

934

836

2.65 E-13

1619

2.69 E-13

1598

Diameter
(nm)

Diffusion
coefficient
(m2/s)

Calculation 2

Aspect
Ratio

Length
(nm)

MKS1

1.35

1023

755

4.11 E-13

MKS2

1.63

1364

836

AB6

2.48

1362

AB4

3.17

2639

Hydrodynamic
diameter (nm)

* Hydrodynamic diameter assumes a spherical particle following the Stokes-Einstein
Equation.

5.3.1.4 Determination of Stock Particle Concentration
After synthesis particles were not dried prior to testing. Two concentration values, mass
and number of particles, were used to describe the concentration of the stock solutions. The
first method is by weight, where the mass concentration of solution was determined by
weighing a sample before and after drying. The second method, particle number
concentration, was determined by flow cytometry. Stock solutions were first diluted 1:1000
in DI water, then 200uL of diluted sample was mixed with 50uL of CountBright Absolute
Counting Beads, for flow cytometry (Thermo Fisher). This dispersion was then tested using
flow cytometry (BD DUAL LSRFortessa, 5 Excitation Lasers: 355 nm, 405 nm, 488 nm
561 nm, and 640 nm). The known concentration of counting beads allows for the number
concentration of the stock solution to be calculated. Flow cytometry studies were done by
Amy Burnside in the UMass IALS Flow Cytometry center.
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5.3.2 Particle Capture Data and Pseudo-steady state character of accumulation
kinetics
Studies of particle capture from flow were conducted in a shear flow chamber in which one
wall presented dense positive charge. A suspension of particles in phosphate buffer with a
Debye length of 2nm, was flowed over the surface. Studies at three concentrations for each
sample of rod particles enabled consistency checks and comparison with the Leveque
equation, in particular the linear pseudo steady state character of the capture. Studies at
the one concentration for each sample were done in at least triplicate, while studies at the
other two conditions were done in single or duplicate to conserve the very limited particle
sample. Examples of particle accumulation for each sample and 3 concentrations are
shown in Figure 50. Concentrations were determined by dilution of a known stock
suspension, while the concentration of the “stock” concentrated suspension was
determined to a precision limited by analytical methods, the relative concentrations of the
solutions studied was known to greater precision.
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Figure 50. Particles adhered in the 260 x 178 µm field of view (A) MKS1, (B) MKS2, (C)
AB6, and (D) AB4. All rods exhibit a linear trend in capture rate.
For runs with dispersions of rod particles, it was found that the number of particles captured
was mostly linear with respect to time, independent of particle concentration and for
numbers of particles sometimes exceeding 400 per in the field of view or 8.6 x105 per cm2.
This indicated that for the particle of interest, the flow conditions, and the densities of
particles on the surface, the particle capture kinetics, were not influenced by particles
already on the surface. Additionally, linearity in the numbers of particles on the surface as
a function of time is consistent with a transport-limited capture, with a fully-established
near-surface concentration boundary layer of particles in the flowing suspension. This
boundary layer is in fact a particle-depleted region of fluid.
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5.3.3 Surface Adhesion Rate
The raw data in Figure 50 demonstrate that the particle accumulation kinetics are linear in
time. Figure 51 demonstrates the linear proportionality between the particle accumulation
rate and the bulk solution particle concentration. This is shown for rods and for two
spherical particle samples in Figure 51. The spheres were used as a control to confirm that
the observed rate follows that predicted by the Leveque equation (Equation 6.3).100

Figure 51. Particle capture rate as a function of concentration for the rods and spheres
studies. Y-axis is based on died particle weights, x- axis is based on particles counted in
the fields of view.

These data shows that for all the samples studied the particle capture rate is a linear in
concentrations. That is when there are more particles in the solution the more will diffuse
to the surface. The slopes of these lines are proportional to the diffusion coefficient to the
two thirds power and a coefficient dependent on the particle mass density.
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5.3.4 Comparison to Predicted Rates
Capture of rod-shaped particles was interpreted in the context of transport-limited capture
of a diffusing species with a translational diffusivity in bulk solution, as described by
Leveque.100 Comparison was also made to the capture of equivalent spherical particles. In
order to interpret the particle accumulation rates, the measure of the particles in free
solution and on the surface must have the same units, either mass or number concentration
and areal density.
5.3.4.1 Conversion of Number Density to Mass Density
The conversion of observed particle number density on the surface, on the y-axis of Figure
51 to a mass density on the surface in Figure 52 is accomplished by using the average
particle size and an estimated particle density. A shell and core model was used to obtain
a mass per particle, including a core and shell of different silica densities. Based on
measured on particles synthesized using the same methods a core density of 1.9 g/cm3 was
assumed for the core265 and the density of 2.2 g/cm3 was assumed for the shell.
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Figure 52. Comparison of experimental mass surface adhesion rates to theoretical mass
surface adhesion rates calculated using the Leveque equation100 for spheres with the same
diameter, length, and volume as each rod particle. (A) MKS1, (B) MKS2, (C) AB6, and
(D) AB4. All rods except for the AB4 rods have mass surface adhesion rates greater than
that of a sphere with an equivalent diameter. The y-axis of all figures presents a mass
accumulation rate that was calculated from the observed number accumulation rate by
multiplying by the calculated mass per particle. The x-axis in parts A, B, D and the dark
green points in C are based on the mass concentration determined by dried sample mass.
The x-axis for the light green points in part C is based on the counted particles per volume
from flow cytometry, multiplied by the calculated particle mass. Error bars are based on
the imprecision in the particle size calculation.

To look at the effect of using different density values for this conversion in the Leveque
model, we compared the effect of using different densities in calculating the particle
density from the mass density. This effect is shown for the two spherical samples studied,
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720 nm and 965 nm in Figure 53. The spherical particles were used for this comparison
because they have significantly less polydispersity then the rods. Overall, the difference in
particle density of 1.8 – 2.3 g/cm3 results in a difference in the calculation of the adhesion
rate of ~10%. This 0.5 g/cm3 range is significantly larger than the actual error in our density
which we predict is closer to 0.1, so the error from silica density does not have a significant
effect on the results.

Figure 53. Difference in Leveque equation predictions for different spherical densities. For
the lines the predicted particle adhesion rate was calculated the using the Leveque equation
and density given. Data points are comparison to data from Figure 51. A) 720 nm Spheres,
B) 965 nm Spheres.

An additional potential source for error is the uncertainty in the particle number
concentration. Two methods were used to determine sample concentration of the rod
suspension. A comparison of the concentrations by dried rod particle suspension weight vs
flow cytometry is seen in Figure 54. Here the number concentration from flow cytometry
is reported on the x-axis while the y-axis reports a number concentration calculated the
dried weight of aliquots of the suspension. The two AB4 concentration measurements
matched within 3%. For the MKS1, MKS2 the two concentration measurements are within
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15%. For AB6 however there is a 50% difference between the two concentrations. This
sample is unique because it is the smallest overall particle size. This particle is very close
to the limit or detectability with our flow cell system at the 20x magnification. When these
particles adhere on their end it is likely they are not visible in our instrument. To account
for this and possible fines (though no evidence of fines was seen in the SEM) the flow
cytometry concentration was used in further calculations.

Figure 54. Comparison of stock rod particle concentration measurements between flow
cytometry (x-axis) and mass (y-axis). MKS1(red), (MKS2 (orange), AB6 (green) and AB4
(purple).
Another error source in the conversion from mass concentration to number concentration
comes from the poly dispersity in size of the rod samples. This is the largest error in the
mass concentration calculation and therefore is the error used in calculation of the error
bars in upcoming results.
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5.3.4.2 Comparison to Leveque Prediction
Motivated by the drug delivery literature, Figure 52 makes comparisons between the rod
samples and calculated behaviors of equivalent spheres, with the latter calculated from the
Leveque equation and a bulk solution diffusivity appropriate to the sphere size. The darkest
dashed line in each plot shows the calculated sphere capture rates for spheres whose
diameters match the rod length. This situation considers the volume swept out by a rod
rotating rapidly on multiple axes. It was found, as expected, that all the rod-shaped particles
delivered more material to the surface then this upper size limit (Larger sized spheres
deliver overall less material to the surface).

The next comparison was between the observed rod capture rates and that calculated for
spheres (via Leveque) having the equivalent volume (darkest dashes). All the rod-shaped
particles were also able to deliver more material then spheres of equivalent volume. This
shows that the rods are more efficient at delivering material to the surface than spheres.
But there seems to be some uncertainty that has to be addressed.

The final comparison was between the rod capture data and small spheres having diameters
equal to the diameters of the rods. With the exception of rod sample AB4, which was both
large and the highest aspect ratio, the rod capture rates exceed those of the equivalent
spheres (this exception if addressed further in Section 5.3.4.1). This analysis reveals that
how mass from rod-shaped particles accumulates more quickly than from different sizes of
equivalent spheres, even when the latter adhere to a surface at the maximum transport
limited rate, calculated according the Leveque equation.
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While the mechanism of this behavior is not yet certain it is likely that the orientation of
the rods as they pass through the boundary layer towards the surface is a critical component
to this increased transport.
5.3.4.3 Orientation of Largest Rods
Sample AB4 (Aspect Ratio 3.17, length 2639 nm) were the only rods long enough that an
accurate orientation data could be collected. Using a 20x objective, images of the surface
were taken after the completion of the run by reintroduction of flowing buffer to removed
free particles from the bulk solution. During this step, video was monitored to confirm that
none of the captured particles escaped the surface. The flow chamber was then observed
using a 40x objective. Since the camera was already set up for video capture, still images
were captured by allowing the microscope to remain focused on a single point on the
surface for about 5 sec and then the microscope was refocused on a different portion of the
surface. Images were acquired using freeze frames of video both during the rinsing phase
(with flow at a wall shear rate of 15 s-1, the same as the flow conditions during particle
capture) and after the rinse was completed (without flow). Here the pump was turned off
and fluid retained in the flow chamber. The system was allowed to re-equilibrate for 10
minutes before images were acquired in these quiescent conditions.

Particles were then classified into three categories, depending on their orientation in the
direction perpendicular to the surface: End (standing up perpendicular to the surface),
transition (adhering by the end but leaning) and oriented (lying mostly flat) as seen in
Figure 55.
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Figure 55. Definition of particle orientations criteria. Top is schematic of likely particle
behavior and bottom is example of microscope image used for analysis. End-on particles
are marked red, transition particles are marked yellow, and oriented particles are marked
green. It is important to note that particles classified as orientated may not be lying
completely flat on the surface but instead at a small enough angle that their orientation inplane could be quantified precisely.
The in-surface-plane angle with respect to the flow direction is summarized in Figure 56,
for approximately 350 particles in each run. Random orientation of captured particles
would be indicated by an even height distribution across the bins in the figure. The data,
however, indicate that flow biases the orientation of captured rods.

This could be

happening during flow itself, or a result of the adhesive process, for instance by a particle
end. There is no statistical difference between the data sets with and without flow
indicating that once particles are adhered to the surface they are relatively tightly bound
and do not relax when the flow is turned off.
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Figure 56. Orientation distribution of AB4 rods with and without flow. Data are raw
particle counts and are not normalized. Flow rate in top portion is 15s-1.

5.3.5 Rod Diffusivity: Direct Calculations vs Inferred Values from particle capture
While capture of rod-shaped particles in Figure 52 appears highly efficient compared with
that of spheres, further insight into capture behavior derives from consideration of the
pseudo-steady state capture evident in the linear capture kinetics of Figure 50. To the extent
that rod capture is transport limited, an equivalent rod diffusion coefficient can be derived
from application of the Leveque equation to the observed capture kinetics. This equivalent
diffusivity could potentially differ from the bulk solute quiescent diffusivities anticipated
by equation 6.5-6.7 as a result of rod orientation in flow. The Pe number for the rod
samples is on the order of 1 (0.74-1.25).
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Figure 57 shows the results of this exercise: We find that for all but the largest rods the
effective diffusion coefficients, back calculated from capture rates are significantly larger
than predicted based on the models for a quiescent diffusion coefficient in Equations 5.35.5. This along with the orientation of the longest rods suggests that the flow is orientating
the rods and increasing their transport rate to the surface.

Figure 57. Ratio of diffusion coefficients obtained by fitting the flow cell data to the
Leveque equation. And diffusion coefficients calculated using calculation 2 (Equations
6.3-6.5). Error bars are due to differences in diffusivity due to polydispersity in size.

The longest rods however have a dramatically lower capture rate, possibly as a result of
fundamentally slower adhesion, (lower capture efficiency) relative to the increased
hydrodynamic force with particle size. In fact, with the large particles in sample AB4, a
log rolling type behavior was observed, that did not lead to particle arrest. This indicates
that the electrostatic interaction forces between the poly-l-lysine surface and the silica
particles might not be strong enough to capture particles in cases where there is significant
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torque on the particles, or that lift forces stabilized particles against close approach to the
surface in certain orientations.

5.4 Conclusions
This study showed that rod-shaped particles were able to more effectively deliver more
particle mass to a strongly and rapidly-adherent surface compared with spherical particles
of equivalent surface chemistry and volume or length scale.

The findings are significant in that rod-shaped particles could be highly effective as drug
delivery packages due to their ability to orient with the flow and deliver material similar to
the rate of their smallest dimension. There are however limits to this as large rod particles
may prove to be more difficult to capture from flow and need a stronger surface force to
successfully capture flowing rods. Additionally, further studied need to be completed to
study the orientation, and flow behavior of such particles.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
Overall this dissertation showed three different ways that hydrodynamics can couple with
particle chemistry and shape to affect colloid-surface interactions.

First, for engineered particles with capture controlled by sparse surface features,
hydrodynamics produced adhesive capture rates that were substantially slower than particle
capture rates using the same level of functionalization on an adhesive wall. The more
efficient capture for the PLL functionalized wall occurred over a broad range of PLL
surface loadings and ionic strengths at moderate shear rates.

Second, it was shown how the motility and the morphology of the bacteria play a significant
role in the bacterial-surface interactions. Without flagella the No Flagella bacteria are able
to approach the surface and dynamically interact with the surface for longer distances than
any other strain. This is likely due to the lack of steric kicks from flagella interactions. At
the other extreme the Super Swimmers are able to use their motility to stay engaged with
the surface for longer periods of time. Their lower velocity however makes the overall
distance traveled per engagement less than that of the No Flagella bacteria. Swimming also
allows bacteria to actively transport to the surface increasing their number of interactions.
Overall the Super Swimmers spend the most time engaging with the surface. When this
project was expanded to look at the effect of surface mechanical properties, it was found
that the effects due to the motility and morphology of the bacteria was significantly reduced
on the soft hydrogel surface.
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Finally, it was found that rod-shaped particles were able to more effectively deliver particle
mass to a strongly and rapidly-adherent surface when compared with spherical particles of
equivalent surface chemistry and volume or length scale. There are however limits to this
as large rod particles may prove to be more difficult to capture from flow and need a
stronger surface force to successfully capture flowing rods. Additionally, further studies
need to be completed to study the orientation and flow behavior of such particles.

6.1 Stability of Patchy Particles
While the first portion of this thesis studied how the rotation of particles in flow can dictate
the amount of surface that a patch is able to sample, compared with the amount a
functionalized surface that a non-functionalized particle can sample. This project directly
compared the behavior of functionalized particles on a unfunctionalized flat surface and
bare particles on a functionalized flat surface in the presence of flow. Additionally, there
is a large body of similar work comparing the aggregation and stability of colloids
functionalized by polyelectrolytes in quiescent conditions.20,22,24,30,44,46,47,274,275 Designing
a system where the adhesion rate of particles onto a surface from flow is able to be directly
compared to the aggregation and stability of a quiescent particle dispersion would led to
the ability to begin to design particles able to selectively aggerate with target particles or
cells, similar to the work done on selective capture in flow by the Santore lab.50,51,105

This could also potentially be used for the capture of small particles from solutions so that
the small particles will settle out of solution at a faster rate. When there are two (or more)
sized particles present in a dispersion, there are different zones of influence depending on
if two of the same sized particles or two different sized particles are interacting. The
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definitions for these zones of influence is shown in Figure 58 along with a comparison to
the zone of influence of a particle on a flat surface. The zone of influence for the interaction
between a large particle and a small particle will be smaller than the zone of influence for
two large particles. Due to the lower threshold for aggregation seen for smaller particles,276
similar to the lower adhesion threshold for smaller particle between a particle and a surface
in flow, 48,105 a critical concentration of polyelectrolyte would allow the selective capture
and aggregation of smaller particles by larger particles. This type of selective capture could
be used to remove specific targets or containments from solution by capturing them on
larger particles which will settle out of solution at a faster rate or be easily filtered out of
solution.

Figure 58. Definitions of the Zone of Influence in different conformations A) Between two
identical particles, B) Between two particles of different sizes, C) Between a particle and
a flat surface
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6.2 Directionality of E. coli Swimming
In quiescent conditions it has been shown that smooth swimming E. coli with swim in
clockwise circles.75 When in narrow capillaries they swim in helical trajectories,190 and in
microfluidic channels with no imposed flow, both smooth swimming and run-and tumble
swimmers have been showed to preferentially swim towards the right hand side of the
chamber.186 Preliminary analysis of the flow cell runs completed in Chapter 3 showed that
the super swimmers have a directional bias in there y-direction motion. Two examples of
this are seen in Figure 59 where by reversing the direction of the flow the preferred
swimming direction of the bacteria can be controlled.

Figure 59. Y-displacement as a function of time for Super Swimmers on a brush surface.
Plots show individual overall y-displacement for the same individual bacteria with surface
engagements tracked in Chapter 3.
With even just a quick glance at the y-displacement tracks shown in Figure 59 it is clear
that there is bias in the swimming direction of the Super Swimmers. Quantifying this
behavior on the brush, potentially at multiple shear rates could provide further in sites on
the hydrodynamic behavior of the bacteria. Additionally, well at first qualitative glance
this directional behavior is seen in both hydrogel systems (Figure 60), though to a lesser
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extent on the soft hydrogel, further quantitation may provide in sites into the hydrodynamic
mechanisms for the differences in behavior seen with the different surface coatings.

Figure 60. Y-displacement for the Super Swimmers (Blue) and No Flagella (Purple) on
the stiff and soft hydrogels. Cells whose y-displacements are tracked here are the same
cells as those tracked in Chapter 4. Y-displacement for the No Flagella bacteria is due to a
slight angle in the alignment of the camera.

6.3 Flow Behavior of Rods Near a Surface
The studies discussed in Chapter 5 were limited to the capture of rods on an adhesive
surface at a single shear rate. Rod shaped particles however have many other interesting
flow behaviors could be studied using the rod system developed. Of particular interest in
the flow behavior near surfaces in cases where the surface does not adhere the particles.

6.4 Rods as a model for bacteria behavior
Chapter 5 of this thesis discussed the increased diffusion rate of model rod-shaped colloids
to a surface in flow while Chapter 3 and 4 discussed E. coli as a model bacterium. While
this dissertation showed that there are many interesting flow behaviors exhibiting by both
the bacteria and the rod-shaped particles. While the studies in this thesis look at separate
phenomenon, the shape of the bodies of the E. coli draws obvious comparisons. An avenue
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for further studies is in connecting the behavior of rod-shaped particles to the behavior of
the No Flagella bacteria in flow.
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